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Abstract:  

Spring steel is a prominent piece of material in industrial and automotive application. Hydrogen embrittlement (HE) is an inherent 
phenomenon, which will occur during the course of service life, at the same time it has to sustain a variety of loads acting on it. 

Among all the wear of spring steel plays a vital role. Hydrogen embrittlement leads for pre mature failure of the component. In 

view of this, an attempt was made in this experimental study to performance of hydrogen embrittled spring steel (EN-47 / SAE 

6150/SUS 10) under the dry sliding condition. The specimen preparation and the experimentations have been carried out 

according to the ASTM standards. The experiments performed based on plan of taguchi technique. Cathodic charging is having 

been adopted for the embrittlement of the spring steel material. A known level of embrittlement has made, wear test has been 

carried out. Results have shown that, load and sliding distance is more pronounced on the wear of the embrittled spring steel 

material rather than speed. 
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I.           INTRODUCTION 

Considerable efforts have been made in the development of 

high performance spring steels to meet the needs of industrial 

and automotive application. Major applications of spring steel 

are in railway coach axles, crank pin on heavy machines, 

crank shafts, spline shafts, leaf spring likewise [1].And widely 

used for many general engineering applications [2]. Spring 

steel is utilized for automotive or any industrial application, 

where in it has to give its render its useful service. Some 

critical environment like chemically explodes, high 

temperature explodes, oil and gas industry, some any other 

they like a intimate contact with hydrogen may chemical, high 
temperature or some environment with direct contact with 

hydrogen. The demands for high strength steel have been 

increased due to economic and environmental reason, however 

it is well known that high strength steel are highly sensitive to 

embrittlement. Hydrogen embrittlement (HE) is a process by 

means of which the mechanical properties of metals become 

degraded [3].  Hydrogen embrittlement (HE), as one of the 

mechanisms of hydrogen damage, is the degradation of the 

mechanical properties of metallic materials, loss of ductility 

and tensile strength, which usually result in a decrease of 

fracture resistance and sub-critical cracking due to the 
presence of dissolved hydrogen. The HE of iron, steel and 

their alloys is an extremely interesting phenomenon since 

these materials are widely used in many industrial 

applications, while a fully developed and practically 

applicable predictive physical model still does not exist [4–8]. 

It is believed that hydrogen embrittlement could be one of the 

main reasons for the cracking of steel structures under stress 

[9].  

The mechanisms which hydrogen employs to damage steels 

are still relatively unknown. Roughly speaking, they can be 

divided in three different types of embrittlement are hydrogen 

blistering (HB), environmental hydrogen embrittlement (EHE) 
and internal hydrogen embrittlement (IHE) [3]. Once 

hydrogen introduced into metallic materials hydrogen can 

cause a serious degradation of the metallic properties, this 

degradation of mechanical properties can result in a castrophic 

failure of components showing more or less brittle fracture 

behavior [10].   

Method of introducing atomic hydrogen into metal by 

exposure to an aqueous environment under immersion or 

dipping method, galvanostatic control charging or cathodic 

charging (constant charging current), potentiostatic control 

(constant electrode potential) and  free corrosion or by gaseous 

exposure charging method. Cathodic charging method or 

galvanostatic charging (constant charging current method), 

was used, Hydrogen concentrations can stably enter into steel 

under the galvanostatic charging of a low current density in a 

desecrated buffer solution of a pH more than 5.0 [11-12]. For 
this investigation cathodic charging method is used for the 

charging the hydrogen into metal (for embrittlement 

processes). Prevention of wear depends principally on design 

and operation of component, but can be minimized by the 

correct choice of material. It is seen that most of the study has 

been focused on the experimental work for wear behavior of 

steels, and a few mathematical models based on statistical 

regression techniques has been reported [13-16]. The 

Taguchi’s design is a simple, efficient and systematic 

approach to optimize designs for performance, quality and 

cost. In the taguchi method, Design of experiments approach 
enables to analyze successfully the wear behavior of materials. 

The design of an experiment (DOE) technique is an optimized 

technique mainly employed in determining wear behavior of 

material, which must follow certain sequence for the 

experiments to yield an improved understanding of product or 

process performance [1]. 

From the literature survey it is clear that there is lot of scope 

for the study of wear behavior of spring steel. Hence present 

study was focused on the dry sliding wear behavior of spring 

steel and the effect of hydrogen embrittled spring steel. The 

main aim was to investigate the effect of applied load, sliding 

distance, sliding speed and charging time which mainly 
influences the dry sliding wear of the spring steel, with the 

help of taguchi technique under various testing conditions. 

Furthermore, the analysis of variance (ANOVA) is employed 

to investigate the testing characteristics of different steels. 

Tests were carried out using a pin-on-disc type of apparatus 
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under different conditions. A major step in the DOE process is 

the determination of the combination of factors and levels 

which will provide the experimenter with the desired 

information [1]. 

 

II. MATERIAL AND EXPERIMENTATION  
The experimentation has been carried out on spring steel 

material (SAE 6150 Steel or AISI 6150 Steel or EN-47 or SUS 

10). The specimen preparation and experimentation were 

carried out according to ASTM G99 standards.  

 

A. Material  

The mechanical properties and chemical composition of spring 

steel as tabulated in Table I and Table II. 

 

Table I 
MECHANICAL STATIC PROPERTIES OF SPRING STEEL 

Yield Strength 

,MPa 
Density, g/cc 

Modulus of 

Elasticity, 

MPa 

640 7.85 205000 

 

Table II 
CHEMICAL COMPOSITION OF SPRING STEEL 

Comp C  Mn   Si  Cr  V  

Wt% 
0.48-

0.53 

0.70-

0.90 

0.20-

0.35 

0.80-

1.10 

0.15-

0.25 

 

B. Specimen preparation 

Specimens were prepared for the ready bar stock to the 

required dimensions as outlined in the ASTM G99 standards. 

Specimens are prepared from the standard bar of 10 mm 
diameter and are cut to 25mm length. Below fig 1 Schematic 

diagram and figure 2 and figure 3 Pictorial diagram of wear test 

specimens. 

 
FIGURE 1 

SCHEMATIC DIAGRAM OF WEAR SPECIMEN 

 
 

FIGURE 2  

HYDROGEN CHARGED WEAR SPECIMEN 
 

 
FIGURE 3  

NORMAL WEAR SPECIMEN 

 

C. Hydrogen embrittlement setup  

Cathodic charging method is used to charge the hydrogen into 

specimens. This set up is consists power system unit, 

voltmeter, ammeter, working electrode (work specimen) 

reference electrode and counter electrodes, these connected to 
negative and positive lead respectably. Different varying 

parameters are listed in table III and Figure 4 shows the 

schematic diagram of the cathodic charging method. 

 

TABLE III 
CATHODIC CHARGING PARAMETERS 

Charging Solution 35% NH4SCN  

Sample Spring Steel  

Current Density 0.01 A/cm2 

Anode Material Platinum (Pt) 

Charging Time 6, 12 and 24 Hours 

pH of Solution 4.5 to 5 

 

 
FIGURE 4 

 SCHEMATIC DIAGRAM OF THE CATHODIC 

CHARGING METHOD 

 
The setup is charged electrically with different time gradient 

like 6, 12 and 24 hours, with the constant current of 

0.01A/cm2. Regulated DC power supply is used for providing 

the constant current. During the test condition argon gas is 

passed continuously through the compartments thereby 

providing inert environment inside the chamber. 

 

D. Experimentation 

The experimentations were carried out in order to determine 

the wear property of the spring steel. A pin-on-disc test 

apparatus was used to investigate the dry sliding wear 
characteristics of the hydrogen embrittled spring steel material 
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as per ASTM standards. A figure 5 shows the schematic 

diagram of pin-on-disc apparatus. 

 

A standard laboratory test that simulates the severe conditions 

of mechanical components is the pin-on-disc testing 

equipment; the test is carried out at selected parameters and 
performed in a selected track of good surface roughness. In 

many metal pairs, the friction coefficient is low at low loads 

and a transition occurs to a higher value as the normal load is 

increased. At low loads, the oxide film effectively separates 

two metal surfaces and there is little or no true metallic 

contact, hence the friction coefficient is low. At higher load 

conditions, the film breaks down, resulting in intimate metallic 

contact, which is responsible for higher friction [17]. 

 

 

 

 

 

 

 

 

 

FIGURE 5 

 SCHEMATIC DIAGRAMS OF PIN-ON-DISC 

APPARATUS [01] 

 

The difference in the weight measured before and after test 

gives the sliding wear of spring steel specimen and then the 

volume loss was calculated.  

 

E. Design of experiments  
Taguchi technique is one of the powerful tools used in the 

design of experiments and acquiring the data in a controlled 

way and to analyze the influence of process variable over 

some specific variable, which is unknown function of these 

process variables [18]. The Experiments were conducted as 

per the standard orthogonal array so as to investigate which 

design parameter significantly affects the dry sliding wear for 

the selected combinations of load, sliding speed and sliding 

distance and hydrogen charged time. In the present 

investigation an L9 orthogonal array was chosen, this has 9 

rows and 4 columns as shown in the Table IV and process 
parameters and their levels are tabulated in Table V. 

 

The wear parameters chosen were (1) load, (2) Sliding Speed, 

(3) Sliding Distance, (4) hydrogen charged time and their level 

indicated in Table V. 

 

The experiments consists 9 tests and first column was assigned 

to load (L), second column was assigned to sliding speed (S), 

third column was assigned to the sliding distance (D) and 

fourth column was assigned to hydrogen charged time. 

 

 

TABLE IV 
 L9 ORTHOGONAL ARRAY 

Trial No. A B C D 

1 1 1 1 1 

2 1 2 2 2 

3 1 3 3 3 

4 2 1 2 3 

5 2 2 3 1 

6 2 3 1 2 

7 3 1 3 2 

8 3 2 1 3 

9 3 3 2 1 

 

TABLE V 
PROCESS PARAMETERS AND THEIR LEVELS 

Levels 
Load 

(N) 

Speed 

(Rpm) 

Sliding 

Distance (m) 

Charging 

Time (Hrs) 

1 4 800 6000 24 

2 3 600 4000 12 

3 2 400 2000 6 

 

III. RESULTS AND DISCUSSION  

The spring steel is characterized for its wear strength. The 

experimentations were carried out to determine the most 
significant parameters which influence on the wear behavior 

of the springs in service. By conducting the experiments as per 

the orthogonal array, the wear test results for various 

combinations of parameters were obtained and the results of 

the experimentation have been summarized and discussed in 

section.  

A. Experimental data analysis 

Design of Experiment is one of the important and powerful 

statistical techniques to study the effect of multiple variables 

simultaneously and involves a series of steps which must 

follow a certain sequence for the experiment to yield an 

improved understanding of process performance [19]. In order 
to reduce the number of experiments and also to determine the 

interaction of the individual parameters, the experimental 

design is made. In this L9 array is used. The experiments were 

carried according to the standard L9 array using MINITAB 

software.  The results of the experimentations are shown in the 

Table VI. 

TABLE VI 
WEIGHT LOSS OF WEAR SPECIMEN 

Trail 

no 

Load 

in kg 

Speed 

in rpm 

Distance 

in m 

Charged 

time in 

Hrs 

Weight 

loss in g 

1 4 800 6000 24 0.0499 

2 4 600 4000 12 0.0365 

3 4 400 2000 6 0.0093 

4 3 800 6000 6 0.0208 

5 3 600 4000 24 0.0095 

6 3 400 2000 12 0.0068 

7 2 800 6000 12 0.0025 

8 2 600 4000 6 0.0084 

9 2 200 2000 24 0.0067 

At high load (4kg) with high speed, maximum distance and 24 

Hrs charged time specimen, it was found that wear rate was 

more (0.0365) whereas at low load (2kg) the wear rate was 
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less (0.0025). The wear test results were subjected to the 

analysis of variance.  

Analysis of influence of each control factor on the weight loss 

has been performed with so called signal- to- noise(S/N) 

response table. The below table shows experimental layout 

and results of dry sliding wear test of embrittled spring steel 
specimen. 

In view of the fact that the theory claims that applied load and 

distance are most important factors affecting the sliding 

process. For spring steel however load exerted greatest effect 

on sliding wear. The effect of speed on the wear was less. The 

strongest control factors are shown in the Table VII. 

Table VII. 
SIGNAL TO NOISE RATIO OF WEAR SPECIMENS 

Trail 

no 

Load 

in kg 

Speed 

in 

rpm 

Distance 

in m 

Charged 

time in 

Hrs 

SN 

Ratio 

1 4 800 6000 24 26.038 

2 4 600 4000 12 28.754 

3 4 400 2000 6 40.630 

4 3 800 6000 6 33.638 

5 3 600 4000 24 40.445 

6 3 400 2000 12 43.349 

7 2 800 6000 12 52.041 

8 2 600 4000 6 41.514 

9 2 200 2000 24 43.478 

 

B. Main effects plot for wear 

To know the effect of various combinations of parameters on 
the wear loss, surface plots were generated using MINITAB 

software. In main effects plot, the graph figure 6 represents the 

influence of load, speed, sliding distance and charged time of 

specimens. In which the load is more significant factor, when 

load is more the wear loss increase faster, speed and hydrogen 

charged time also increases the wear rate when they increase 

but in case of sliding distance, wear is less when distance is 

less and then distance is more the wear rate is constant. 

 
FIGURE 6 

 MAIN EFFECTS PLOT FOR WEAR LOSS 

 

In the main effects plot if the line for particular parameter is 

near horizontal, then the parameter has no significant effect. 

From the main effects plot it is clear that the contribution of 

load is more and sliding distance having moderate effect, 

while the charged time having very less effect compared to 

other three parameters for wear loss. 

C. Surface plot for wear loss 

To know the effect of various combinations of parameters on 

the wear loss, surface plots were generated using MINITAB 

software. Figure 7 shows the surface plots of wear loss against 

load and speed. It can be observed from the graph that, wear 

loss is high at 800 rpm and 4 kg load. As the load and speed 

goes on increasing wear loss also increases. This is mainly 

because of the embrittlement of the material. 

 
  FIGURE 7 

 LOAD V/S WEAR LOSS V/S SPEED                   

 
FIGURE 8  

LOAD V/S WEAR LOSS V/S DISTANCE 

Figure 8 shows the surface plots of wear loss against load and 

distance. It can be observed from the graph that, wear loss is 

gradually increases from 4000 to 6000 m at 4 kg load. As the 

load and distance goes on increasing wear loss also almost 
constant. This is mainly because of the embrittlement of the 

material face, the small crack get fill the wear substance and 

they make a sub surface above the face of the wear specimen. 

 
      FIGURE 9 

 LOAD V/S WEAR LOSS V/S TIME  
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Figure 9 shows the surface plots of wear loss against load and 

time. It can be observed from the graph that, wear loss 

increases with increasing time and also with respect to load 

because when time is increases that leads to increase in 

embrittlement of material that causes the brittleness of the 

material surface with initial crack zone of the material surface.           

 
FIGURE 10 

DISTANCE V/S WEAR LOSS V/S TIME 

Figure 10 shows the surface plots of wear loss against distance 

and time. It can be observed from the graph that, wear loss is 

increases by increasing distance as well as charged time (at 24 

Hrs and 6000 m). This clearly shows that increasing the 

charging time the material face gets brittle that causes the 

more wear loss in surfaces. 

 
FIGURE 11  

INTERACTION PLOTS FOR WEAR LOSS 

Figure 11 interaction plots shows the effect of various 

combinations of parameters like load, speed, sliding distance 
and charged time of specimens on the wear loss. In all 

condition the wear loss is more at high load, speed, distance 

and high charging time.    

D. Analysis of variance (anova) 

The ANOVA is used to investigate which design parameters 

significantly affect the quality characteristics. It is 

accomplished by separating total variability of S/N ratio, 

which is measured by sum of square deviation from total mean 

S/N ratio into contributions by each of the design parameters 

and the errors. The last column of the table shows the 

contribution % (P) of each variable in the total variation 

indicating the influence degree on the wear. 

TABLE VIII 
ANOVA RESULT FOR WEAR SPECIMENS 

Trial 

no 
Parameters 

Sum of 

squares 
DF 

% contribution 

(p) 

1 Load 288.911 2 55.376 

2 Speed 58.796 2 11.269 

3 Distance 140.126 2 26.858 

4 
Charged 

time 
33.885 2 6.494 

Total  521.71 8  

DF= Degree of Freedom 

Table VIII shows the percentage of each factor contribution on 
the total variation. For spring steel, the load factor 

(P≈55.376%) had a significant influence on the weight loss of 

the steel. While the sliding distances (P≈26.858℅), speed 

(P≈11.269℅) and the hydrogen charged time (P≈6.494℅) had 

a slight effect. The contribution of applied load is greater 

which may be due to the sufficiently induced stress at contact 

area within the experimental conditions. The linear regression 

equation for the wear loss of the spring steel is shown in 
equation below: 

Wear loss= 0.0694+ 0.01302 Load+ 0.000042 Speed 

+ 0.000004 Distance + 0.000519 Time 

The coefficients of applied load, sliding distance, sliding 

speed and hydrogen charged are positive, which indicates that 

wear increases with the increase in the wear parameters. It 

indicates that load is the main factor on wear rate for spring 

steel. It is followed by sliding distance and sliding speed while 

the hydrogen charged time was less effective than the other 

parameters.  

IV. CONCLUSIONS 

Based on experimental analysis carried out on the embrittled 

spring steel material and taguchi robust design method can be 

used to analyze the dry sliding wear. The following 

conclusions have been drawn. 

 The wear rate of low density performs increases 

gradually with increase in applied load with respect to 
sliding distance [21]. 

 Based on ANOVA, load contribution is found to be more 

and has shown maximum influence on the wear loss. 

 The analysis of variance shows that percentage of each 

factor contribution on the total variation. For spring 

steel, the load factor (P≈55.376%) had a significant 

influence on the weight loss of the steel. While the 

sliding distances (P≈26.858℅), speed (P≈11.269℅) and 

the hydrogen charged time (P≈6.494℅) had a slight 

effect. 

 Effect of variables i.e., load and sliding distance is more 
pronounced on the wear of the hydrogen embrittled 

spring steel rather than sliding speed. 

 Because of the hydrogen embrittlement, it is notices that 

wear loss is more when increasing the number of 

charging Hrs that leads to more brittle the material 

surface with initial cracks surface.   

 

 At the higher load, due to increase in interface 

temperature with applied load promote the surface 

oxidation thereby increases the frictional coefficient and 

reduce the direct metal contact between the disc intern 
reduces the wear loss [20] 
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 The cracks in surfaces are filled with debris particles 

during wear. This may enhance the wear resistance of 

the samples.  
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