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Abstract 

In the past two decades, majority of catastrophic failures, due to hydrogen embrittlement in almost all the domains have been 

reported. These intense failures have grabbed the attention of researchers to a larger extent towards the study of failure 

mechanisms in the embrittled materials. In view of this, experimentations have been carried out on the embrittled steel under 

impact and wear loads. The specimen preparation and experimentations were carried out in accordance with ASTM E 23 and 

ASTM G99 standards. The results have shown that the brittle fracture of the specimen can occur due to the material having low 

fracture toughness or from the exposure of the material under load to certain corrosive environment. From the experimental 

results, it can be observed that material experiences the ductile-to-brittle transition with increasing in soaking period. The study 

of worn surfaces suggested that depending on wear environment and applied load, different features of wear mechanisms were 

involved. The mechanism of failure as a function of material condition and loading types has been discussed with the aid of SEM 

micrographs.   
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I. INTRODUCTION 

Steel is metal alloy that contain iron and carbon. With the discovery of iron which has a tremendous effect on mankind with 

change in the lifestyle and food production.  It became backbone of modern world built. Presence of steel can be felt as structural 

members in bridges, buildings, pipelines, Automobiles,  ship building, storage vessels and numerous other applications because 

of their high strength, availability and low cost. Iron and steel are the most commonly used materials in industries such as pulp 

and paper industry, power generation, equipments of drug manufacturing, food processing, petro-chemical, and oil industries. 

The carbon content affects the properties and based on its content, carbon steel can be classified as pure iron, low, medium, high 

carbon steel and cast iron [1-3]. Carbon steel is used in boilers, pressure vessels, heat exchangers, piping, and other moderate-

temperature service systems in which good strength and ductility are desired. Significant other factors include cost, availability, 

and the ease of fabrication. Medium carbon steel is an unalloyed steel with reasonable tensile strength, balances ductility and 

strength and has good wear resistance; used for many general engineering applications, forging and automotive components. 

Typical applications include shafts, studs, bolts, connecting rods, screws, rollers, axles, spindles. The industrial and operating 

environment leads to deterioration of metals under the action of air and moisture, steam and other gases, mineral acids and bases 

used in industries. The exposures to processes like acid pickling, industrial acid cleaning, cleaning of equipments can be severe 

to the properties of the metals and thus lead to sudden failure of materials in service.  

A type of deterioration in which an applied tensile stress and hydrogen dissolved in the metal, reduce the ductility and load-

bearing capacity, instigate cracking and catastrophic brittle failures at stresses below the yield stress of susceptible materials, is 

termed as hydrogen embrittlement (HE). Embrittlement results when hydrogen diffuses into the metal and/or acts on the crack tip 

altering the fracture toughness[4-6]. The source of hydrogen can be an acid solution, hydrogen evolved during production, 

processing, and service of metals, corrosion, electrochemical treatment (plating, electro-polishing), or production, processing, 

and service of metals Contact with water or other hydrogen-containing liquids or gases. Most of the mechanisms for hydrogen 

embrittlement are based on the accumulation of hydrogen near dislocation sites or micro-voids, but exact mechanism of 

hydrogen embrittlement is not known well. Hydrogen embrittlement mechanisms can be aqueous or gaseous and involve the 

ingress of hydrogen into the metal, reducing its ductility and load bearing capacity [7-9]. Form of hydrogen embrittlement in 

steel, generally can be categorized as internal HE and environmental HE. In internal HE, hydrogen entry to metal will be in 

atomic form and in letter case molecular form. In the internal HE, hydrogen enter to steel by some manufacturing operations 

such as welding, electroplating, phosphating and pickling. In the later case, as a by-product of a corrosion reaction such cathodic 

reactions, service of metals Contact with water or other hydrogen-containing liquids or gases[10-12].  
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For designing a system it is necessary to know the effect of hydrogen embrittlement on the mechanical properties especially 

fracture toughness at service conditions. In view of wide applications of structural steel, few studies have been carried out to 

determine the influence of hydrogen on structural steel and its mechanical characteristics, in turn mechanism of hydrogen 

embrittlement. However the attention has not been paid to corrosion response in the test environment. The purpose of this study 

is to evaluate the susceptibility of structural steel to hydrogen embrittlement in charpy impact test.  In this paper the results of a 

study of the effect of hydrogen on structural steels are reported. 

Wear resistance is not intrinsic property of material. Changes to surface and near surface structures during wear contact 

normally significantly alter local material properties, both mechanically and chemically, between different wear situations, so 

many variables apply that direct wear performance comparisons are not possible. However controlled laboratory wear tests, 

specific comparisons can sometimes be made although results often have only a qualified application to the modeled engineering 

situation. 

II. MATERIALS AND EXPERIMENTATION 

The experimental study involves hydrogen charging the specimen and mechanical testing and characterization of the charged 

specimens and SEM observations of the deformation processes of materials at the micro- and macro-level. 

 Material 

Steel is a crystalline alloy of iron, carbon and several other elements. The industrial and operating environment leads to 

deterioration of metals under the action of air and moisture, steam and other gases, mineral acids and bases used in industries. 

The hydrogen in steel causes loss of ductility in a material, thus making it brittle and can be a cause for severe failures. The 

sample specimens were fabricated from structural steel of composition shown in table 1.  
Table – 1 

Chemical composition of test specimen material 

Composition % 
Carbon Silicon Manganese Phosphorus Sulphur 

0.448 0.291 0.880 0.026 0.020 

 Specimen Preparation 

The test specimens were nominally 10mm x 10mm x 35mm for wear and impact specimens were prepared as per standard 

ASTM E23. The specimens were ground and polished to a 320-grit finish on each surface. Each specimen was weighed before 

and after chemical treatment. Steel specimens in above said geometry chemically treated to 4 different time intervals were tested. 

The hydrogen absorption process for conducting hydrogen embrittlement tests was carried out by soaking the test specimens in a 

solution of 35% concentration of ammonium thiocyanate. According to literature survey the specimens demonstrated adequate 

hydrogen sensitivity of the material [12, 13]. The initial pH and temperature of the test solution were in the range of 4.25 to 5.73 

and 160C to 180C respectively. The study on hydrogen embrittlement involves hydrogen charging the specimen and mechanical 

testing and characterization of the charged specimen. To charge hydrogen, the specimens were immersed in a 35% aqueous 

solution of ammonium thiocyanate at an ambient temperature for a maximum of 96 hours. The ammonium thyocynate solution 

for the immersion test was prepared by diluting with distilled water to concentration of 35%w/vol at room temperature. A typical 

test setup was shown in fig.1. 

 
Fig. 1: Typical experimental setup for immersion test 

Laboratory immersion tests were conducted in accordance with ASTM standard practice [14]. The tests were performed on 

low carbon steel. The hydrogen charging can be done with a conventional laboratory method by immersing the specimens test 
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solution. A set of two specimens were exposed to chemical solution for 24hrs, 48hrs, 72 hrs and 96hrs duration and for every 

48hrs cycle. The specific ratio of the solution volume to the specimen surface area was about 5ml of solution per 100mm2 of 

specimen surface area in contact with the solution. 

 Experimental Procedure 

Impact testing techniques are used to evaluate the fracture behavior of materials. After preparing the specimens, hydrogen 

charging was achieved by submerge the specimens in NH4SCN solution 35% concentration at room temperature for different 

time durations. The charpy impact test was performed by using the treated and untreated specimens. The samples were chemical 

treated at Chemistry laboratory, using lab equipments. Wear test include sample preparation, chemical treatment of samples, 

wear tests, micro-structural characterization of treated and untreated samples.  

Corrosion and wear involve chemical and mechanical mechanisms and combination of these mechanisms often results in 

reduction of weight loss. A dry sliding wear test for different number of specimens was conducted by using a pin-on-disc 

machine. The typical experiment setup of pin on disc is shown in Figure 2. The pin was held against the counter face of a 

rotating disc (EN31 steel disc) with wear track diameter 100 mm. The pin was loaded against the disc through a dead weight 

loading system. The wear test for all specimens was conducted under the normal load of 4 Kg, velocity as 2 m/s and a sliding 

distance of 1000m, 2000m, 3000m and 4000m. In the present experiment the parameters such as load and sliding distance are 

kept constant throughout for all the specimens.  Specimen is weighed before and after the test, and the loss in mass is recorded. 

 
Fig. 2: Wear Testing setup 

III. RESULTS AND DISCUSSION 

The experimentation is carried out on hydrogen embrittled structural steel for characterizing it against impact and wear loads. 

The test specimens were chemically treated for the different soaking period. The results of which have been discussed.  

 Charpy Impact behaviour of Hydrogen Embrittled Structural Steel 

Fig 3 shows the effect of hydrogen embrittlement on the impact energy absorbed of the treated and untreated samples. At room 

temperature, the impact resistance increases, and at 24 hrs to 48hrs duration of immersion and remain almost constant on 72 and 

96hrs immersion duration.  

 
Fig. 3: Effect of soaking period on impact energy absorbed  
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The brittle fracture of the specimen can occur due to the material having low fracture toughness or from the exposure of the 

material under load to certain corrosive environment. From the fig.4, it can be observed that material experiences the ductile-to-

brittle transition with increasing in soaking period; however there is no much significant change after 48 hours soaking duration. 

Energy absorbed is high at 24hrs duration indicating a ductile fracture. Energy absorbed was low and it remains almost constant 

for 72 and 96hrs soaking period signifying a brittle failure. The same is substantially justified by the microstructure image 

analysis. Fig 4, shows the fractured surface of test specimens.   

A brittle fracture can show characteristics of transgranular or intergranular cracking when analysed through scanning electron 

microscope (SEM). From Fig 3.2b the fracture surfaces of impact specimens, microvoid coalescence can be observed during 

ductile failure at the specimen, indicating more energy absorbtion. Fracture surfaces of samples revealed distinctive mixed mode 

of fracture indicating a ductile–brittle fracture transition. There are indication of cleavage facets and ductile tearing on the 

fracture surface. Based on careful analysis of fracture surfaces images of Fig.3.3 d and e, the distinctive fracture features, 

Microvoid coalescence during ductile failure and transgranular cracking characterized by cleavage and river pattern were 

observed at the latter cases. The dark grey shaded area at the extreme surface of the specimen indicates the shear lips. The 

proportion of shear lip zone varies with different soaking period. It can be seen from Fig. 3.3a that the specimen exhibits a brittle 

cleavage fracture. The fracture surface of the 24hrs duration specimen suffered from deep and uniformly distributed dimples, 

which indicates the ductile nature of fracture. Based on image analysis, more soaking period leads to larger dimples compared to 

that of untreated. Fig. 5 shows the fracture morphologies at the failure area of specimens. It can be seen in fig 3.3e that all the 

fracture surfaces are composed of dimples, which indicate a ductile tearing and cleavage facet fracture.  

 
Fig. 4: Fractured surfaces of broken impact specimens untreated and treated for different soaking period. 

 
Fig. 5: SEM images of untreated and treated for different soaking period fractured surface. 

 Wear Behavior of Hydrogen Embrittled Structural Steel 

The treated and untreated specimens are cleaned thoroughly with acetone and weighed using a digital balance having an 

accuracy of ± 0.1 mg. Then Specimens were subjected to wear, mounted on the pin holder of the wear testing machine. Under 

applied load of 4Kg, sliding speed of 2m/s and varying sliding distances, the wear characteristics of the test specimens are 

evaluated and morphological study of wear is made for in-depth analysis. Fig. 6 illustrates weight losses of low carbon steel 

samples under different soaking durations and plotted as function of sliding distance. This represents the variation of wear rate 

with constant load and sliding speed. The wear is increasing gradually up to 2000m distance, beyond that wear is decreasing with 

increase in sliding distance indicating the reduction in the toughness of the material for 48 hrs soaking period. 

 
Fig. 6: Weight loss / sliding distance 



Experimental Approach to Study the Effect of Hydrogen Embrittlement on Structural Steel under the Influence of Impact Loading and Wear Characterization  
(IJSTE/ Volume 3 / Issue 04 / 020) 

 

 All rights reserved by www.ijste.org 
 

112 

Figure 7 shows the worn surfaces of low carbon steel for samples after conducting of wear test at conditions 40N and 2m/s 

speed. Fig. shows the extent of wear on the surface of treated specimens in the form of grooves and scratches.  The SEM 

micrographs in fig 8 are of the worn surfaces of the structural steels for 1000m sliding distance and 96hrs soaking period. The 

samples tested are observed to be smooth, except for a few deep grooves as shown. Whereas at 4000m sliding distance and 24 

hrs soaking duration, worn surfaces are observed to have cracking, spalling, and thicker oxide cover, as shown in Fig 3.8. 

Therefore, it appears during sliding, more and more oxide is produced, the metal–metal contact is reduced, thus lowering the 

wear rate, and leading to transition from severe to mild wear. SEM micrographs of the worn surfaces also reveal the presence of 

scoring marks and areas of rough grooves in the direction of sliding. 

 
Fig. 7: SEM images worn surface of specimen (sliding distance 1000m,Soaking time 96 hrs) 

 
Fig. 8: Typical surface morphologies of wear scars on samples, Wear debris and crack (hghilljklj) 

IV. CONCLUSION 

Based on the tests, the following conclusions can be drawn: 

1) By dipping in a 35 percent NH4SCN solution, the test specimen loses its ductility. The above experiments indicate that the 

specimens were embrittled by the hydrogen generated as a result of corrosion reaction with a solution. It can be observed 

that the hydrogen absorption is more during first 48hrs of dipping and it has a minimal absorption as compare to early hours 

of dipping. However it needs to be quantified.    

2) The hydrogen charging decreased the energy absorbed of the test material. The test material experience ductile to brittle 

transition during the soaking period. It is demonstrated that detection of mixed mode fracture morphology on fracture 

surfaces often considered being confirmation of failure through hydrogen embrittlement. Study of intergranular cracking 

related failures has shown that intergranular fractures can occur when the material is exposed to corrosive environment.   

3) It can be reemphasized that for brittle fracture the state of stress and environment are the main cause of failure subjected to 

impact loading.  

4) Wear rate of structural steel increased with increasing in soaking period upto 48hrs duration and shows a decreasing trend 

with small variation in wear rate with increase in soaking duration indicating of reduction of material toughness.  

5) Studying of worn surfaces has shown that the surface damage was caused by synergy of wear and corrosion attacks. 
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