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A B S T R A C T 

Due to the necessity of obtaining a surface that is resistant to wear and 

oxidation, hydraulic cylinders are typically coated with hard chrome through 

the process of electroplating process. However, this type of coating shows an 

increase of the area to support sealing elements, which interferes directly in 

the lubrication of the rod, causing damage to the seal components and 

bringing oil leakage. Another disadvantage in using the electroplated hard 

chromium process is the presence of high level hexavalent chromium Cr+6 

which is not only carcinogenic, but also extremely contaminating to the 

environment. Currently, the alternative process of high-speed thermal 

spraying (HVOF - High Velocity Oxy-Fuel), uses composite materials (metal-

ceramic) possessing low wear rates. Research has shown that some 

mechanical properties are changed positively with the thermal spray process 

in industrial applications. It is evident that a coating based on WC has upper 

characteristics as: wear resistance, low friction coefficient, with respect to 

hard chrome coatings. These characteristics were analyzed by optical 

microscopy, roughness measurements and wear test. 
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1. INTRODUCTION 
 

Technologically, the last 15 years the hydraulic 

systems were strongly developed, either in 

regard to increasing work pressure, capacity and 

reliability. However, the requirements for the 

degree of purity of the fluids used in systems 

have not been a corresponding development, 

which consequently makes it impossible to 

obtain the maximum yield of new technologies 

[1]. One of the main constituent components of 

the hydraulic systems are the cylinders 

(actuators), which in turn depend on the 

filtration efficiency to prevent contamination 

and consequently the wear. In addition to 

internal contamination, the hydraulic cylinders 

are subject to external contamination, because 

its rod is responsible for the linear movement 

and, this makes the effects of external abrasive 

agents may act harshly [2]. With this action, the 
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interface elements are formed, causing small 

cuts and grooves in rods and, as a consequence, 

oil leakage and loss of mechanical efficiency of 

the hydraulic system (Fig. 1). 

 

The pressure (P) of input of hydraulic cylinder oil 

is converted to force and displacement acting on a 

piston. The effect of leakage in a hydraulic cylinder 

become more apparent when premature wear and 

shirts rods of the hydraulic cylinders and therefore 

the changes in force and velocity (ν) occur. At 

steady state operation the actual internal or 

external leakage QL and, frictional forces, acting 

cylinders must be taken into consideration. 

Therefore, mechanical energy supplied to the load 

is smaller than the hydraulic power supplied. 

Therefore the rate of flow and return is calculated 

by considering the variables of input or output 

flow (Q1-Q2) and the resulting area of piston and 

rod respectively Ap and Ar (Eq.1) [3]. 
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Fig. 1. Hydraulic cylinder: (a) external leakage and 

(b) rod whit hard chrome after 400,000 cycles [4]. 

 

Another factor important to achieve the 

confidence functional of the sealing system of 

the hydraulic cylinders is the quality and finish 

of the surface to be sealed. Surface irregularities 

must be within the required conditions. The 

characteristics most often used to describe the 

micro superfície are the roughness parameters 

Ra, Rz and Rmáx, these are defined in DIN/ISO 

4287 [5]. As the efficiency of hydraulic sealing is 

also related to the quality of the surface of the 

rods, each case must be studied in a unique way, 

making of the differential components of these 

manufacturers. These features alone, is not 

sufficient to adapt to sealing technology [15]. 

 

Furthermore, the support area to sealing 

(parameter Rmr) roughness is required because 

we can have equal values for Ra and totally 

different to the previous parameter quoted. 

The Rmr value is defined as the ratio of the 

effective length of the roughness at a given cut-

off (c) the length evaluated, and the result 

represented in percentage profile. The material 

ratio curve represents the percentage of 

material found cut into a level (c) spaced from 

the highest point of the profile (Fig. 2). Also 

known as the Abbott - Firestone curve (BAC), 

this curve is a graphical representation of the 

parameter variation due to the equipment listing 

Rmr, for different levels "c" of the evaluated 

length [6]. 

 

 
 

Fig. 2. Curve related to the proportion of material, 

ISO 4287. 

 

One of the most accepted methods to 

characterize surface processes produced by 

sanding, polishing or burnishing is proposed by 

DIN EN ISO 13.565-2 [7]. This method is to 

approximate the BAC curve for three straight 

and split the surface texture in three regions: 

higher peaks, profile core and lower valleys. The 

implementation of this model is based on a line 

of minimum slope, obtained for a range of 

contact fraction equal to 40 %. From this we can 

calculate the parameters shown in Fig. 3. To 

ensure proper functioning of the sealing on the 

rod, the Ra should have its equivalent to 0.2 µm 

value, and a value Rmr of 80 % [8]. 

 

 
 

Fig. 3. Representation of parameters Rmr DIN EN ISO 

13565-2. 

 

One method of manufacturing metallic coatings 

most widespread and  that presents application 

in rods of hydraulic cylinders, providing 

excellent results with regard to surface finish 

and durability, is High Velocity Thermal Spray 

(HVOF). This method has great advantages over 

other processes due to its high capacity spray of 

molten particles at high speeds (approximately 

900 m/s), resulting in a very dense coating with 

high adhesion and low oxide contents [9]. The 

a b Leakage 

Hard chrome  
coating 
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technique is based on the special design of the 

torch in the fuel spray, typically propane, 

propylene, methyl acetylene, allene, hydrogen or 

kerosene is mixed with oxygen and burned in 

the combustion chamber, where the flame is 

compressed and then released, the strong 

acceleration occurring gases, together with 

particles used in powder form (Fig. 4). In this 

type of pistol powder feeding is performed 

immediately after the expansion of gases 

entering the combustion chamber and out with 

high kinetic and thermal energy and transport 

the particles to the substrate to be coated. 
 

 

   
 

 

Fig. 4. Gun used by the thermal spray process [10]. 

 

 

2. EXPERIMENTAL PROCEDURE 

 
This section aims to show the steps and 

methodology that was used to develop this 

important research to research which is the 

mechanical manufacturing. 

 

2.1 Materials e Tribological Tests 

 

To establish a comparison of the coefficient of 

friction the coatings were needed prepare the 

specimens plans. The specimens were taken 

from a steel bar AISI / SAE 1045. The 

tribological tests were performed using the 

pin-on-disk testing, according to ASTM G-99 

(Fig. 5).  

 

 
 

Fig. 5. ASTM G99-04: (a) Equipment and (b) 

Schematic of the test. 

 

 

During the execution of the test was used to 

measure pin with hardness of 1528 HV 

manufactured tungsten carbide, this applied to 

the Normal force (Fn) of 30 N. The dimensions of 

the pin used were 3 mm diameter and 15 mm 

length. During the test produced the linear 

velocity was 0.47 m/s at a radius of 15 mm, the 

total reaching distance of 500 m. 

 

For the realization of tribological, tests rods in 

operating conditions specimens with a diameter 

of 25 x 400 mm in length, as shown in Fig. 6, 

were made. According to the parameters to be 

evaluated as a leakage, roughness and 

macroscopic rods, these measures will be 

adequate enough.  

 

 
 

Fig. 6. Rod of hydraulic cylinders 

 

The rods were made with a 24.8 mm nominal 

diameter, since the deposition via HVOF thermal 

spray should comprise thicknesses in the range 

0.05 to 0.2 mm due to the compressive stresses 

that intensify the loosening. However, for the 

deposition of hard chromium were 

manufactured with a nominal diameter of 24.6 

mm, knowing that the hard chrome coatings 

cannot be longer than 20 µm. The roughness 

parameters identified in Fig. 6 represents the 

final finish of the rod. In order to get a 

representative response over the previous 

defined parameters, the organization of bench 

tests followed according to Table 1. 

 
Table 1. Identification of the rods used in the tests. 
 

Number of the rods Quantity Coatings 

01, 02, 03 03 Hard Chrome 

11, 12, 13 03 WC-CoCr 

 

2.2 Tests in Real Operating Conditions 

 

For testing rod and seal, a module was 

developed to characterize the coatings in 

service, as the action of abrasive wear and 

parallel to it, to quantify the leakage of fluid 

during the tests in order to compare with 

chrome hard and WC-CoCr. Fig. 7 shows a test. 

Coatings 

Substrate 
 

Nozzle 
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Fig. 7. Trial module with its main components. 

 
The test module consists of a master load 

actuator, which drives both rods each test, and 

these in extreme hydraulic pressure, caused by 

actuation of the manual hydraulic pump. In 

order to accelerate the wear of the rod assembly 

and sealing two blocks were used with indoor 

drilled, used to amplify the strength of the seal 

against the surface of the rod during testing. 

 

To accelerate the process of surface modification 

during rehearsals, or influence the appearance 

of the cut action or plowing the rods, mineral oil 

was contaminated with the abrasive materials 

(SiO2). In its contamination, was used silica with 

a particle size ranging from 230 to 270 μm. 

Analysis of the contamination of the hydraulic 

fluid showed that it falls into the following 

classes: ISO Class 22/21/20 and NAS 99. The 

result of NAS Class 99 is a value that does not 

exist in this table contamination class, which 

runs from 00 to 12. That is, the particle counter 

indicates this manner, fluids which are 

contaminated with the upper class specified in 

the standard [11]. During tests were monitored 

manually the main conditions imposed on tests 

such as hydraulic working pressure, linear 

velocity of the rods and the working 

temperature in the test module, as shown in 

Table 2. 

 
Table 2. Parameters used in tests of the rods. 
 

Item Parameters Values 

1 Operating Pressure 100 bar 

2 Linear Velocity  40 mm.s-1 

3 Displacement Rods 50 mm 

4 Operating Temperature 25 a 62 °C 

5 Daily Cycles 6.500 

6 Number of Cycles 60.000 

7 Medium Viscosity Oil 68 mm2.s-1 

8 Diameter of the Rods 25 mm 

9 Roughness Ra 0,14 a 0,21μm 

A set of rods and seals was being used as the set 

consists of a rod with hard chrome 

electroplated, a rod with sprayed WC-CoCr, 

twelve gaskets PolyPak Parker® type B and four 

tapes guide PTFE with brass. 
 

Before conducting the tests, were determined 

punctual surface roughness of the rods, where 

occurs displacement the seals, for a comparison 

of the surfaces after the tests. However, before 

the tests there was also the need of 

measurements of the diameter of seals in order 

to try to make a comparison, as the distortion of 

each sealing profiles. The conditions and 

parameters were defined based on the 

specifications of the major components involved, 

mentioned previously. The key to the 

achievement of controlled bench testing 

parameters are reported in Table 2. 
 

The configuration of the rods and seals used in 

the tests is shown in Fig. 8. For each module 

block of six seals of the same profile previously 

defined were used. 
 

 
 

Fig. 8. Schematic conditioners blocks rods: (a) 3D view 

of the block and (b) nomenclature of sealing elements. 

 

To get a count of the total displacement time for 

the test, was developed a small electric control 

system, where the sum of the number of cycles in 

each phase was defined automatically by the 

value set on a counter. Were used two inductive 

sensors to measurement position displacement of 

the rods, a hydraulic power unit for displacing the 

load, a micro programmable controller for the 

development of logic operation and a solenoid 

valve (Fig. 7). The analyzes were made with 

polyurethane sealants Parker PolyPak® type B 

with an internal diameter of 25 mm, external 

diameter 32 mm, section of 7 mm and 3.5 mm. 

According to the manufacturer, the seal may act 

in a temperature range of 35 ºC to 80 ºC. 

 

As seen in eq. 1, it is observed that the leakage 

flow has direct influence on the load capacity and 

speed changes in a hydraulic cylinder. This 

leakage effect can be internal or external, and 

internal and is difficult to detect. In the case of 

Manual 

Pump 

Pressurization 

kit for seals 

Electric Drive 
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Programmable 

Beakers 

Actuator 
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this measurement performed, the objective was 

to quantify the external oil leak in order to further 

characterize the areas where there was a slip of 

the sealing elements and guides. The objective 

was to verify if indeed the changes suggested for 

the new coating could contribute to the reduction 

of leakage in the hydraulic cylinders. 

 

The volume of oil lost (leakage) in accordance 

with changes of surfaces and stem seals was 

quantified with the aid of plastic cylinders with 

hexagonal base, and these volumetric capacities 

and resolutions of 25 and 0.5 ml, respectively. 

These cylinders were connected to the drain 

regions of the test module, as shown in Fig. 7 and 

8. The measurements of the leak were acquired 

over the 60,000 cycles, totaling 6 measurements 

each set of rods, with stops every 10,000 cycles. 

 

 

3. ANALYSIS OF RESULTS 

 

The results obtained by using the methodology 

described in "Experimental Procedure" are 

presented below. Initially shows the results of the 

tribological tests, comparison of roughness, wear of 

the sealing and rods and measurements of leakage.   

 

3.1 Tribological Tests  

 

During this trial it was also observed evolution of 

the coefficients of friction for the two shells, 

resulting in an average of 0.67 for hard chrome 

and 0.56 for WC-CoCr (Fig. 9) value. The hard 

chrome coating presented a stable friction 

coefficient from approximately 50 seconds of test, 

however with a slight increase during the test. In 

WC- CoCr coating was found to be stable at 200 

seconds, with a slight reduction in the coefficient of 

friction. Unlike the hard chrome compared to WC-

CoCr may be related to their higher roughness 

values of the specimens , the associated wear 

mechanisms as plastic deformation (effect of low 

hardness relative to pin) and perhaps indicative of 

adhesion of the surface material and pin . It can 

perhaps explain the decrease in the friction 

coefficient of the coating of WC- CoCr the 

formation of oxides, which play the role of 

lubricant over the sliding surface [12]. 

 

In both coatings in the instability zone (start of 

the test) , the mechanism of friction is caused 

primarily by the phenomenon of adhesion, 

friction forces resulting from the relative motion 

between the pin and the disc should be 

approximately equal to the force required to 

break bonds resulting high local pressure, which 

acts between the peaks of the roughness [13] . 

 

 
 

Fig. 9. Coefficient of friction of coatings Hard Chrome 

and WC-CoCr. 

 

In both coatings in the instability zone (start of 

the test) , the mechanism of friction is caused 

primarily by the phenomenon of adhesion, 

friction forces resulting from the relative motion 

between the pin and the disc should be 

approximately equal to the force required to 

break bonds resulting high local pressure, which 

acts between the peaks of the roughness [13] . 

 
3.2  Comparison of Roughness  

 

In the Table 3 the results of average before and 

after the tests, carried out in the regions where 

the sliding surface of the rods occurred 

roughness are presented. It can be seen that the 

hard chrome coating presented with a 

significant decrease in mean roughness Ra, Rz 

and Rmáx.  
 

Table 3. Parameters and roughness of the rods. 
 

Parameters 
Average before 

test 

Average after 

test 

Instrument Tester 

Mitutoyo SJ-210 

Cut Off - 0,8 μm 

Hard Chrome 

Ra - 0,14 a 0,20 μm 

Ra = 0,16 μm 

Rz = 1,39 μm 

Rmáx = 1,91 μm 

Rmr = 76,1 % 

Ra = 0,12 μm 

Rz = 1,23 μm 

Rmáx = 1,89 μm 

Rmr = 83,7 % 

Instrument Tester 

Mitutoyo SJ-210 

Cut Off – 0,8 μm 

WC-CoCr 

Ra - 0,20 a 0,28 μm 

Ra = 0,21μm 

Rz = 1,78 μm 

Rmáx = 2,09 μm 

Rmr = 79,9 % 

Ra = 0,23 μm 

Rz = 1,91 μm 

Rmáx = 2,32 μm 

Rmr = 78,3 % 

 

This indicates that the sliding action of the seals 

and guides for this coating decreased the peaks 

in the surface profile, showing its wear and 

polishing. Still on the hard chrome, scratches 
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linearly, probably originated by sand (SiO2), 

used in purposeful contamination of hydraulic 

oil (Fig. 10) were observed. 

 

          
 

Fig. 10. Curve support material (Abbott-Firestone): 

(a) before testing and (b) after the test - hard chrome. 

 

Considering the values of the parameter to Rmr 

rods coated in hard chrome, it is identified that 

there was an increase of 9.2 % over 60,000 cycles, 

meaning that there is a trend of failure in sealing, if 

the test was taken a further cycling. The purpose of 

seal failure is clearly explained by the lack of 

minimal lubrication between the sliding surfaces 

occur, because the peaks and valleys in the correct 

proportions influence this effect. In Fig. 10 it is 

evident that the curves for the profiles support 

(support area of the fence), before and after the 

tests show exactly this increased level surface, 

justified by the slope of the Abbott curve. It is 

noted that in Fig. 5 which occurred decreased 

initial curve defined by the peaks of the surface 

area. Furthermore, it is also possible to evaluate 

the decrease of the roughness profiles of Fig. 11. 

 

 
 

 
 

Fig. 11. Profile evaluation of chrome rods: (a) before 

testing and (b) after the test.  
 

Considering that the action of the polishing surface 

is more significant than the act of creation of new 

irregularities for hard chrome, you can follow the 

action with this polishing reducing Rpk values on 

the y axis, 18 % in Fig. 10 (a) to 8 % in Fig. 10 (b). 

Besides reducing of the peak region of the profile, 

there is a slight increase also in the valley region, 

probably associated with the mechanisms of wear, 

shown in Fig. 16. 

With values also acquired the surfaces of the 

rods coated WC-CoCr, it appears that there is no 

evidence of significant modification of Ra and Rz 

parameters, or any significant increase in area of 

support (parameter Rmr), which characterizes 

the non-polishing the surface. This is visually 

confirmed by the appearance of the stems (Fig. 

18). One can also explain the small reduction in 

Rmr parameter, because the appearance of 

porosity, characteristic of the HVOF process. 

Figs. 12 and 13 shows the results obtained from 

the profile for the WC-CoCr. 
 

  
 

Fig. 12. Curve support material (Abbott-Firestone): 

(a) before testing and (b) after the test - WC-CoCr. 
 

 
 

 
 

Fig. 13. Profile evaluation of WC-CoCr: (a) before 

testing and (b) after the test. 
 

Unlike hard chrome, possibly the Fig. 12 (b) can 

justify the increase of the parameters Ra and Rz 

coating the base of WC-CoCr, the small change of 

the area in the valley region, and therefore 

keeping the initial curve justified this by the low 

wear rate presented in visual form. 
 

Figure 14 shows the mean roughness parameters 

before and after the test for the hard chrome coating. 
 

  
Fig. 14. Average roughness before and after the test 

the hard chrome. 
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By observing the average roughness parameters 

for hard chrome before and after the test, it can 

be seen that Ra, Rz and Rmáx has reduced after the 

test and Rmr parameter increased by 

approximately 4.5 %. This behavior suggests that 

after testing with SiO2 contaminated with oil, the 

peaks were broken by reducing the distance 

between them, but at the same time on the same 

regions showed modifications of surfaces such as 

small scratches and cuts, and that influenced the 

permanence values, because it is an average. The 

increased Rmr parameter indicates that the rate of 

the length of the support increased, and became 

the most stable component, but it is important to 

remember that high values of Rmr (> 90 %) 

contribute to the deformation of the sealing 

elements, since the lubrication becomes 

inefficient. In Fig. 15 lists the roughness 

parameters for the WC-CoCr coating. 
  

  

Fig. 15. Average roughness before and after the test 

the WC-CoCr. 
 

By observing the average roughness parameters 

for WC- CoCr coating before and after the test, it 

can be seen as opposed to hard chrome Ra, Rz 

and Rmáx had their expanded values , however 

Rmr parameter it was reduced. This trend 

suggests that the material would not suffer 

significant wear during the test. In contrast with 

the reduction of Rmr, the length of the support 

surface decreased, estimating that the 

component gets a little instability. 
 

In both coating before and after the test, the 

value of the parameter Ra is in the range 

suggested by the researchers of the 

Wüstenhagen and Steep [8], which is 0.05 to 0.3 

µm. However, under the same conditions for the 

parameters Rmáx values were very close to the 

limit (Rmáx< 2.5 µm), especially the WC-CoCr 

coating after the test. 
 

The hard chromium plating has achieved the 

biggest difference for Rmr parameter, considering 

the same test time compared to the WC-CoCr 

coating, while the chrome was a modification of 

the area and support of 4.5 %, the WC-CoCr had 

only 1.5 %, noting that the range suggested by 

Steep and Wüstenhagen is 50 % < Rmr < 90 %, 

with optimal value of 80 % . 
 

In Table 4 shows the percentage difference 

between the average roughness parameters 

before and after the test for the coatings of hard 

chromium and WC-CoCr. 
 

Table 4. Difference in % of the coatings. 
 

Coatings Ra Rz Rmáx Rmr 

Hard Chrome 25,00 11,51 5,20 11,27 

WC-CoCr 8,45 3,22 11,06 2,01 

 

In general, Table 4 suggests that the major 

differences between before and after the test are 

for the hard chrome coating, which demonstrates 

the inferiority of this, compared to WC-CoCr. You 

can also highlight the percentage difference of 

11.06 % in Rmáx parameter to the sprayed coating. 

Again this fact can also be explained by the 

appearance of pores viewed through microscopy. 
 

3.3  Wear of the Sealing and Rods  

 

In Fig. 16 shows the images acquired from rods 

coated with hard chrome, with the aid of a 

digital microscope. The Fig. 16 (a) and (b) shows 

the images so that you can serve in the 

qualification process/identification of surface 

characteristics with initial testing. 
 

  
 

 
 

 
Fig. 16. Rods coated with hard chrome after the test 

corresponding to 60,000 cycles module. 
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Approximately 70 % of the tested surfaces of 

hard chrome showed up with some kind of 

micro mechanisms of wear, acting as drivers in 

the leakage process, result shown immediately 

below in Fig. 20 shows the occurrence of two 

types of abrasive mechanisms, known as micro 

scratches and micro cuts. The micro scratches is 

characterized by low depth of plowing , however 

this feature is nonetheless important to the 

study because it provides evidence that the 

surface became vulnerable in the presence of an 

abrasive material. Since the process micro cuts is 

characterized by a deeper and this effect could 

be catastrophic, given airtightness surfaces that 

require fluid. In Fig. 16 (c) and (d), the wear 

mechanisms also act, but a little less severe 

form. These facts lead to an indication that the 

service life of sealing elements can be decreased. 

There is also another important characteristic 

change in the surface rods, hard chrome, Fig. 16 

(e). After the measurements of roughness was 

found that the bearing surface (support Rmr) 

increased by 9 %, leaving for a non-ideal 

conditions on the surfaces used for the sliding 

seal, in reference to Trelleborg, 2011 [15], this 

action is justified of polishing the Abbott-

Firestone curve, shown in Fig. 10. This measured 

value of 83 % for Rmr parameter can modify the 

required flow of lubrication of the surfaces, 

causing deformation of the sealing element over 

time, becoming inevitable occurrence of leakage. 

The region highlighted by Fig. 16 (f) shows what 

may occur in the case of a small misalignment of a 

component coated with hard chrome 

electroplated. It was identified by surface 

roughness, which was also a beginning of 

polishing the surface shown by the decrease of Ra 

and increased Rmr. In Fig. 17 deformations found 

in discrete regions of the sealing elements and 

used (Fig. 8), after testing bench are presented. 

 

 
 

Fig. 17. Contact of the seal with the chrome rod. (a) 

point G1.1 and (b) G2.1 point. 

 

The images produced by optical microscopy 

reveal some small mechanisms acting on the 

seals after the tests. In Fig.17 (b), possibly 

associated markings are there any silica particle 

that's been trapped for some time in the region 

of slip during the tests. 

 

Figure 18 results with respect to the sliding WC-

CoCr alloy surfaces are presented. 
 

 
 

 
 

 
 

Fig. 18. Rods coated with WC-CoCr after the test 

corresponding to 60,000 cycle’s module.  

 

As shown in Fig. 18, a comparison of surface 

finish before and after the tests are shown to the 

Rods 11, 12 and 13 relating to the coating of the 

tungsten carbide base. The Fig. 18 (a) shows a 

shaft surface in a suitable condition for use in 

testing module. In Figs. 18 (b) and (c), it is 

observed that there was minimal change in the 

surface rods to 60,000 test cycles, preventing the 

display of wear mechanisms. However, Figs. 18 

(e) and (f) presented in some regions tested 

section, some wells remembering the porosity 

effect. The results from Fig. 18 (a) and (b) it is 

identified that the evaluation of the surface 

profiles rods WC-CoCr, minor modifications 

obtained, and this suggests good response for 

wear. Images related seals rods in WC-CoCr 

showed no significant deformation, the 

presentation of results is unnecessary. 
 

3.4  Measurements of Leakage 
 

The results are shown in Fig. 19 leakage the 

number of cycles individually for the three trials 

of coatings.  

G1.1 – 20x G2.1 – 20x a b 

Deformations 
Linear deformation 

(cuts) 

a b 

c d 

e f 

Rod 11 – G4.1 - 12,5x 

Untested region 

Micro Scratches 

Rod 11 – G4.1 – 45x 

Rod 12 – G5.2 - 20x Rod 13 – G6.1- 20x 

Porosity 

Rod 13 – G6.2 - 20x Rod 13 – G6.2 - 50x 

Porosity 

After the test 
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Fig. 19. Total leakage (ml) of each coating for the 

three tests after completion of the 60,000 cycles. (a) 

hard chrome and (b) WC-CoCr.  
 

It was observed that the leakage obtained by 

hard chrome surface during 60,000 cycles was 

higher than in the base coating of WC, and it is 

noticeable that always occur gradually.  
 

During all tests in bench the oil temperature was 

monitored in order to justify the long and the 

end of the test the leakage of oil obtained. It is 

noticed that the first test for both hard 

chromium and for the toilet, the flow rates of 

leakage were higher compared to subsequent 

trials, and this fact can be explained by the 

increase of temperature (52-62 °C) perceived 

mainly after 10,000 cycles that step.  
 

Even with this fact occurred during the first test, 

Fig. 19 (b) reveals that the leakage occurred is 

almost linear for the sprayed WC-CoCr coating, 

this indicates that the leakage rates (ml/cycles) 

throughout the test was almost constant. Then for 

chromium, the leakage rates were an exponential 

function nature, indicating a greater leakage over 

time. This result can also be explained through 

the recorded images of the rods after the tests 

and the surface modifications. 
 

In Fig. 20 the average leakage and comparisons of 

surfaces, obtained after tests is presented. It is 

observed that the curve obtained for the hard 

chrome coating has a polynomial behavior, 

showing that there are other factors that may be 

interfering with the process of casting these rods, 

as the mechanisms of abrasive wear, represented 

through images (b) and (c) of Fig. 20.  
 

 

 

 

 

 

 

Fig. 20. Comparison of the coating in relation to the 

total average of leakage (ml) for all tests. 

In the picture shown for the base coat toilet, no 

significant evidence of active mechanisms and 

this explains approximation with the linear form 

of the trend line, shown by the equation. 

 

In this graph (Fig. 20) represent the curves 

related to the average for the two coatings after 

leak testing. It is observed that the curve obtained 

for the hard chrome coating has a polynomial 

behavior , showing that there are other factors 

that may be interfering with the process of 

casting these rods , as the mechanisms of abrasive 

wear , represented through images (b) and (c) of 

Fig. 20. In the picture shown for the coating of 

tungsten carbide, no significant evidence of active 

mechanisms and this explains approximation 

with the linear form of the trend line, shown by 

the equation. 

 

The correlation index for hard chromium plating 

was 0.9987, indicating that the proposed model 

describes well the behavior of leakage varies 

according to the number of cycles. 

 

 
 

Fig. 21. Flow leakage (QL). (a) each individual test 

and (b) average and standard deviation of the tests. 

 

In accordance with the curves of Fig. 20 can be 

somewhat expected failure of the seal and rod 

assembly used in order to minimize/eliminate 

these risks of accidental or functional equipment 

in each service.  

 

The Fig. 21 (a) shows the leakage obtained for each 

test performed. However the bar graph, Fig. 21 (b) 

shows the average leakage and standard deviation 

for each coating. There was a low leakage into rods 

coated WC-CoCr, with lower standard deviation. 

This is indicative of better performance with 

respect to consistency in oil leakage. 

 

In general for all tests, the hard chrome coating 

presented with greater leakage. In test 1 (rod 

11), it is observe the leakage produced by the 

rod in hard chrome was 7 times greater than the 

rod coated WC-CoCr. In the second test (rod 12) 

was also superior leak for hard chrome, almost 4 
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times more. And in the third test (rod 13), also 

confirmed the superiority of the sprayed coating, 

hard chrome where indicated 8 times more oil 

spill recorded in ml. 

 

 

4. CONCLUSION 

 

In the test performed according to ASTM G99 

(pin on disk), the WC-CoCr, showed a lower 

coefficient of friction and low roughness values, 

which implies a reduced heating and power 

dissipation for the components in relative 

motion allowing operations reduced lubrication. 

In this research the Ra parameter is efficient for 

preliminary evaluation of the surface, however, 

as it is isolated from other parameters used in 

the evaluation, cannot help in determining the 

distribution of the peaks on the surfaces, 

impacting the sealing system. There was a 

reduction of 0.16 µm to 0.14 µm in the medium 

parameter Ra rods coated in hard chrome, 

indicating that the sliding action of  PTFE seals 

and guides decreased the peaks in the surface 

profile, showing the wear and polishing your . 

However rods coated with WC-CoCr showed 

little evidence in the modification of Ra, Rz, or 

significant changes in the area of support Rmr, 

featuring the surface polishing, justified also by 

the Abbott-Firestone curve and this is confirmed 

visually by the appearance of rod "unused" even 

after the tests. 

 

The wear on the rods was quantified by 

measuring effects. It was found that coated 

surfaces of the rods by electrodeposition of hard 

chrome a larger number of scratches and cuts, 

causing some points of the level of leakage drain 

grow significantly. The WC-CoCr, coat showed 

up visually with only minor risks, justifying the 

high hardness and low friction coefficient. 

 

The leakages purchased for the WC-CoCr were 

much lower compared with those acquired for 

hard chrome. The rods and seals were in good 

condition after 60,000 cycles. Probably one 

cycling outweigh 120,000 cycles without 

promoting major leaks. Although the standard 

deviation was high for both coatings, 15 % 

chromium and 1.8 % for the WC-CoCr, tests 

showed that under the same conditions for the 

three tests, the sprayed coating was very 

superior, the traditional chromium rods in 

hydraulic applications. 

Although tests have provided a high standard 

deviation, one cannot overlook the superiority of 

the coating sprayed by HVOF on the effect of 

leakage, and all these results show that it is 

possible to replace the electrolytic chromium 

rods in hydraulic cylinders. 
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