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High-carbon structural steel wires were prestressed to various levels in a plasma hydrogenation 
environment and then pulled in a slow strain rate test (SSRT). The effect of plasma hydrogenation 
under different prestressing levels on the material’s tensile response and hydrogen embrittlement 
was noted. It was found that the ultimate tensile strength (UTS), yield strength, and ductility of the 
steel wire samples are decreased by plasma hydrogenation and prestressing levels. The more drastic 
decrease in the UTS, yield strength, and ductility is found in the plasma hydrogenated prestressing 
steel to a higher prestressing level. Moreover, the hydrogen embrittlement index of the steel wire 
samples is significantly increased by plasma hydrogenation and prestressing level. The highly plasma 
hydrogenated prestressing steel wire samples exhibit complete brittle fracture. A mixed mode of 
fracture, i.e., ductile and brittle, was observed at the surface of the plasma hydrogenated prestressing 
steel wire samples at lower levels. The hydrogen embrittlement areas at the fracture surfaces of steel 
wire samples are observed to increase with plasma hydrogenation and prestressing levels. More severe 
hydrogen cracking and blistering resulted in the fracture surfaces of plasma-hydrogenated prestressing 
steel wire samples with higher levels.
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1. Introduction
The prestressing of the high-carbon steel wires impeded 

in concrete structures is applied to balance the tensile strength 
and to avoid the risk of failure of the concrete structures. 
The steel wire can be strain-hardened by cold drawing in 
several passes to increase its tensile strength1. Desirable stresses 
are introduced into the high-carbon structural steel wires 
by prestressing to counterbalance the undesirable stresses2. 
The high-strength steels are more susceptible to hydrogen 
embrittlement (HE)3. It was found that the application of a 
high-stress level of 70% of the ultimate tensile strength of 
the steel wire enhances the susceptibility of the hydrogen 
embrittlement induced by stress. The amount of hydrogen 
generated by the cathodic reaction plays an important role 
in the rupture of the prestressing steel under considerable 
mechanical stresses applied to the material4.

Hydrogen embrittlement of steel occurs when hydrogen 
permeates and diffuses into steel in the prestressing steel wire 
by the classically proposed mechanism5. Non-ductile fracture 
mode is caused by hydrogen embrittlement, which reduces 
the ductility and tensile strength of steel6. The hydrogen 
embrittlement can lead to fracture if the steel is stressed in 
the presence of a hydrogen environment. It has been observed 
that the higher concentration of stresses at the crack tip leads 
to higher hydrogen concentrations accumulated at the crack 
tip. Moreover, hydrogen can accumulate at the interface 

with the solution or at grain boundaries and cause brittle 
fractures7. Catastrophic failure of metallic materials showing 
brittle fracture behavior has resulted in the degradation of the 
mechanical properties8. The sensitivity of steel to hydrogen is 
manifested by both decreasing the yield strength and reducing 
the ductility. The decrease in the yield strength is attributed 
to the solid solution softening by hydrogen, whereas the 
reduction in the ductility is caused by the hydrogen-assisted 
fracture processes after the onset of necking9. It was found 
that the elongation to fracture of different types of steels 
is significantly reduced by hydrogen at room temperature, 
moreover, the introduction of hydrogen-enriched plasma at 
various temperatures into different kinds of steels degrades 
their mechanical properties by hydrogen embrittlement10.

The steels having a tensile strength over 1200 MPa are 
more susceptible to hydrogen embrittlement, and the failure 
may occur at stresses much lower than their yield strength11,12. 
It was found that the susceptibility of prestressing steel wires 
to hydrogen embrittlement is high in cathodic environments13. 
The hydrogen embrittlement of the prestressing steel wires 
is attributed to the atomic hydrogen which is formed during 
the corrosion of steel. It is found that the susceptibility of the 
prestressing steel to hydrogen embrittlement is increased with 
increasing the amount of hydrogen trapped in the steel by 
defects such as grain boundaries and dislocations presented 
in the microstructure of the steel, moreover, the hydrogen 
embrittlement risk is attributed to the degradation mechanism, 
which can deform the metal lattice14. The diffusion of *e-mail: amjadsalelamoush@gmail.com
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hydrogen in X65 steel can be blocked by the defects, and as 
the concentration of hydrogen is increased in the steel, the risk 
of hydrogen embrittlement of the former steel is increased15. 
The dislocations were motivated by hydrogen plasma to 
contribute to crack formation in the ferritic alloys rather than 
forming local slip lines, and the cracks were formed inside the 
matrix of the specimen in a transgranular and brittle manner16.

Hydrogen could be introduced into the prestressing 
steel during cathodic polarization by the hydrogen evolution 
reaction that occurred on the surface of steel at more negative 
potentials17. The loss of ductility or embrittlement is attributed 
to the penetrating atomic hydrogen into the prestressing steel 
wire during excessive cathodic production18. It was found that 
the hydrogen embrittlement of cold-drawn eutectoid steels 
has been caused by environmentally assisted cracking19 and 
the highest-strength steel is the most susceptible to the 
hydrogen embrittlement20. The proposed mechanism of 
hydrogen-assisted failure in metals assumes that a critical 
couple of tensile stress and hydrogen concentration should 
have occurred at a finite-size material zone for failure initiation 
or propagation21. It has been observed that the mechanical 
strength of the steel wires is reduced by increasing the 
infiltration capacity of hydrogen, which results in hydrogen-
induced cracking22. It was observed that the brittle zones 
are presented at the fracture surface of the prestressing 
steel, which is compatible with the presence of hydrogen23. 
The brittle fracture is occurred in high-strength steel because 
of the hydrogen adsorption in the steel structure24. Moreover, 
the results of the constant extension rate tensile tests reveal 
that the intergranular fracture mode has resulted from the 
increase of the hydrogen concentration in the ODS steel25.

The current research investigates the effect of plasma 
hydrogenation on high-carbon prestressing structural 
steel wires. The tensile properties were evaluated by the 
SSRT to clarify the effects of both prestressing and plasma 
hydrogenation on the investigated material. Moreover, the 
fracture surfaces were examined by the scanning electron 
microscope (SEM) to determine the fracture morphology of 
the plasma-hydrogenated prestressing steel wires.

2. Experimental Procedure
The experiments were conducted on cold-drawn high-

carbon steel wires of a diameter of 5mm and length of 200 mm. 
The chemical composition of the investigated material is 
listed in Table 1. The tensile tests were performed on the 
specimens cut from the steel wires and machined according 
to the E8/E8M-13a26 as shown in Figure 1. The residual 
stresses induced by machining were removed by heating the 
tensile steel wire samples at a temperature of 200oC in an 
electric resistance furnace for 30 minutes. The high-carbon 
steel wire specimens were prestressed to different levels 
of 10%, 30%, 40%, 50%, 70%, and 85% of their ultimate 
tensile strengths in a plasma hydrogenation environment 
and then pulled in a slow strain rate test (SSRT). The tensile 

tests were performed by the universal testing machine at a 
constant crosshead speed of 1 mm/min. The elongations 
were measured by the extensometer with a gauge length of 
24 mm as illustrated in Figure 1.

The plasma hydrogenation procedure of the prestressing 
steel wire specimens was performed in the hydrogen plasma 
gas at an ion current density of 20 mA cm-2 and a potential 
of 40V at the temperature of 130◦C for 25 min. Hydrogen 
gas was introduced into the plasma chamber at a pressure of 
10-5Pa. The experimental setup for the plasma hydrogenation 
of the prestressing steel is shown in Figure 2.

The plasma-hydrogenated prestressing steel wire samples 
were pulled until fracture using SSRT at a strain rate of 
10-6 s-1. The strength and ductility were obtained from the 
stress-strain curves before and after plasma hydrogenation 
of the prestressing steel wire samples to various levels. 
The ductility of the steel wire samples was evaluated by the 
total elongation, i.e., the total strain to fracture. The modes 

Table 1. Chemical composition of the high carbon structural steel 
wire (wt%).

C Mn Si Cu P S
0.83 0.69 0.21 0.27 0.011 0.0033

Figure 1. Tensile specimen dimensions designed according to the 
ASTM E8/E8M-13a26.

Figure 2. Schematic representation of the experimental setup used 
for hydrogen plasma charging of the prestressing steel wires.
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of fracture of the plasma-hydrogenated prestressing steel 
wire samples were determined by SEM. The surfaces of the 
plasma-hydrogenated prestressing steel wire samples were 
observed by the SEM. The SEM samples were ground using 
abrasive paper with grit to 1200 and polished by diamond 
paste up to 1µm and then etched in 3% nital.

3. Results and Discussion

3.1. Microstructure of the steel wire
SEM observations of the surface of the as-received 

steel wire specimen reveal a fine pearlitic microstructure as 
shown in Figure 3a. This material is known as eutectoid steel 
containing 0.83% carbon. The pearlite colonies are consisting 
of cementite and ferrite lamellas as shown in Figure 3b.

3.2. Tensile behavior of the plasma-hydrogenated 
prestressing steel wires

The engineering stress-strain diagrams of the non-
hydrogenated and plasma-hydrogenated prestressing steel 
wire samples prestressed to various levels are plotted in 
Figure 4. Different tensile properties have resulted from both 
prestressing and plasma hydrogenation. The variations in 
the tensile properties of the steel wire samples are attributed 
to both prestressing conditions and plasma hydrogenation. 
The ultimate tensile strengths (UTS) of plasma-hydrogenated 
prestressing steel wire samples are varied with the prestressing 
levels. The SSRT results show significant changes in the UTS 
of the plasma-hydrogenated prestressing steel wire samples 
after prestressing to various levels as compared to the non-
hydrogenated, 0% prestressing sample. The change in the 

Figure 3. Microstructure of the prestressing steel wire specimen.

Figure 4. Stress strain diagrams of the non-hydrogenated steel wire sample (a) and plasma-hydrogenated prestressing steel wire samples 
at a various level of: b) 0%, (c) 10%, (d) 30%, (e) 40%, (f) 50%, g) 70% and (h) 85%.
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UTS depends on both plasma hydrogenation and prestressing 
levels applied to the steel wire samples.

The simultaneous effect of prestressing and plasma 
hydrogenation on the steel wire samples is shown in Figure 5. 
The results show that the prestressing and plasma hydrogenation 
decreases the UTS of the steel wire samples. The drop in 
the UTS is resulted from the ingress of plasma hydrogen 
during prestressing of steel wire samples. The hydrogen 
plasma flow rate is about 250ml/min from the hydrogen 
generator16 and the measured density of plasma hydrogen atom 
is 2.5x1021 atom/m3 27 which is expected to cause hydrogen 
embrittlement in the materials. Table 2 summarizes the tensile 
characteristics of the plasma-hydrogenated prestressing steel 
wire samples at different levels. As can be obtained from 
this table, the UTS of the plasma-hydrogenated prestressing 
steel wire sample with 10% is about 1853MPa, which is also 
lower than that of the non-hydrogenated and 0% prestressing 
steel wire sample (approximately 1930MPa). The decrease 
in the UTS of the plasma-hydrogenated prestressing steel 
wire sample to 10% is about 3.4% of the UTS of the non-
prestressing steel wire sample. This slight decrease in the 
UTS is due to the above prestressing levels generating 
fewer trapping sites for hydrogen diffusion and building 
upon them. The further experimental results reveal that the 

plasma-hydrogenated prestressing steel wire sample to a 
higher level (i.e., 30%) exhibits more decrease in UTS which 
is about 5.9% lower than that of the non-prestressing steel 
wire sample. The decrease in the UTS is found to be a unique 
function of both plasma hydrogenation and prestressing 
levels applied to the steel wires. The percentage decrease 
in the UTS is increased with both plasma hydrogenation 
and a prestressing level applied to the steel wire samples. 
The highest percentage decrease in the UTS was found in 
the plasma-hydrogenated prestressing steel wire samples 
with the highest level (i.e., 85%), which is about 17.1% of 
the UTS of the non-prestressing steel wire sample.

The degradation in the UTS of the plasma-hydrogenated 
prestressing steel wire samples is believed to be due to the 
lattice defects such as dislocations, grain boundaries, and 
vacancies generated during the prestressing of the steel 
wire samples where the hydrogen can build up at these 
defects and result in a drastic decrease in the UTS. These 
lattice defects can act as a strong trapping site for hydrogen 
absorption during plasma hydrogenation of the steel wire 
samples. It is believed that the highest level of prestressing 
(i.e.,85%) generates more dislocations, grain boundaries, 
and vacancies which increase the trapping sites for hydrogen 
absorption. This results in a more drastic drop in the UTS of 
the plasma-hydrogenated prestressing steel wire samples. 
It has been confirmed that the absorbed hydrogen atoms by 
the steel are trapped at interfaces, dislocations, and other 
microstructural features28. Moreover, it was indicated that 
the hydrogen diffuses to the dislocations and vacancies 
induced by the maximum strain in the steel29. Furthermore, 
the dislocations, voids, and grain boundaries are traps for the 
diffusion of hydrogen30. The high-stress or strain areas are 
observed to be preferential diffusion paths for hydrogen31.

The yield strength of the plasma-hydrogenated prestressing 
steel wire samples revealed similar degradation behavior to 
that of the tensile strength. It was found that the yield strength 
depends also on both plasma hydrogenation and prestressing 
levels applied to the steel wire samples. The percentage 
decrease in yield strength of the plasma-hydrogenated 
prestressing steel wire as a function of prestressing level is 
shown in Figure 6. It is seen clearly from these curves that 
the increase in the prestressing levels results in lowering 
the yield strength of the plasma-hydrogenated prestressing 
steel wire samples. The decrease in the YS of the plasma-
hydrogenated prestressing steel wire sample to 10% is about 
4.7% of that of the non-prestressed wire sample as can be 

Table 2. Tensile characteristics of the plasma-hydrogenated prestressing steel wire samples.

Prestressing, % UTS, MPa YS, MPa Ductility, %
Percentage 
Decrease in 

UTS, %

Percentage 
Decrease in 

YS, %

Embrittlement 
Index, %

Non-hydrogenated and 
0% prestressing sample 1930.3 1410 3.66 0 0 0

10 1853.2 1343.2 3.36 3.4 4.7 5.6
30 1815.8 1320.6 3.27 5.9 6.3 8.15
40 1755.2 1305.6 3.05 9.1 7.4 14.3
50 1709.2 1277.5 2.95 11.5 9.4 17.1
70 1642.1 1255.4 2.77 15 11 22.1
85 1599.6 1219.5 2.65 17.1 13.5 25.6

Figure 5. The UTS decrease in the plasma-hydrogenated prestressing 
steel wire samples to various levels.
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obtained from Table 2. Whereas the plasma-hydrogenated 
prestressing steel sample with a higher level (i.e., 30%) shows 
an approximately 6.3% decrease in the YS. The decrease 
in the yield strength may be attributed to the formation of 
cracks and blisters associated with plasma hydrogenation 
of the prestressing steel wire samples. As can be seen from 
this figure, the plasma-hydrogenated prestressing steel wire 
samples at higher levels show a drastic decrease in yield 
strength. The more drastic decrease in the yield strength was 
found in the plasma-hydrogenated prestressing steel wire 
samples at higher levels. As can be obtained from this figure, 
the plasma-hydrogenated prestressing steel wire sample at 
the highest level (i.e.,85%) exhibits the highest percentage 
decrease in the YS, which is approximately 13.5%. This 
decrease in the yield strength indicates that more severe 
hydrogen damage is induced in the plasma-hydrogenated 
prestressing steel wire samples to the highest levels.

The decrease in the yield strength could be attributed 
to the residual stresses induced by the prestressing and the 
hydrogen damage resulting from plasma hydrogenation. 
The delayed cracking at stress below the yield strength32 causes 
the degradation of the properties of the steel by hydrogen. 
Moreover, the causes for the delayed cracking in the steel 
could be attributed to the diffusion of hydrogen to the areas 
of residual stresses33. It has been proposed two mechanisms 
related to hydrogen caused a decrease in the yield stress 
and caused fast fracture at the ultimate tensile strength34. 
The hydrogen-enhanced macroscopic plasticity (HEMP) 
mechanism related to the decrease of the yield stress by 
hydrogen, attributed to hydrogen causing solid solution 
softening, hydrogen-facilitated macroscopic movement 
of significant dislocation masses, thereby decreasing the 
yield stress35.

It was found that the effect of hydrogen on the ductility 
and stress level in dual-phase steel is increased with 
deformation, which is due to the hydrogen-trapping ability of 
the deformation36. Furthermore, the tensile residual stresses 

presented on the surface or in the core of the prestressing 
steel wire decrease the yield strength37. The hydrogen 
transportation rate towards prospective rupture sites in the 
prestressing wire is influenced by the heterogeneous residual 
stress fields38. The ductility represented by the strain to failure 
of the plasma-hydrogenated prestressing steel wire samples 
to different levels was also investigated and compared to the 
non-hydrogenated and 0% prestressing sample. The ductility 
of the plasma-hydrogenated prestressing steel wire sample 
prestressed to 10% is reduced to about 3.44% as compared to 
the non-hydrogenated and 0% prestressing sample which is 
about 3.66% as can be obtained from Table 2. This indicates 
that both plasma hydrogenation and prestressing have a 
pronounced effect on the ductility of the steel wire samples. 
Furthermore, the ductility of the plasma-hydrogenated 
prestressing steel wire sample prestressed to a higher 
level (i.e., 30%) is found to be also lower than that of non-
hydrogenated and 0% prestressing steel wire sample. While 
the plasma-hydrogenated prestressing steel wire samples 
at higher levels (i.e., 50% and 70%) exhibit more decrease 
in ductility which are about 2.95% and 2.77% respectively 
lower than the ductility of the non-prestressing steel wire 
sample as shown in Table 2.

The plasma-hydrogenated prestressing steel wire sample 
at the highest level (i.e., 85%) exhibits the lowest ductility 
among all other plasma-hydrogenated prestressing steel wire 
samples which is about 2.65%. The loss in ductility observed 
in the plasma-hydrogenated prestressing steel wire samples 
can be attributed to hydrogen damage such as cracking and 
blistering induced by plasma hydrogenation. The ductility 
loss confirms that the severity of the damage depends on both 
plasma hydrogenation and a prestressing level applied to the 
steel wire samples. The more severe the hydrogen damage, 
the more the loss in the ductility of the steel wire samples. 
It was observed that the mobile hydrogen in dislocations 
plays a detrimental role in the hydrogen embrittlement 
susceptibility of steel39. Moreover, the reduced ductility 
and the increased brittle failure of the high-strength steels 
are attributed to the presence of hydrogen in the material40.

The loss in ductility can be attributed also to the fact 
that the hydrogen atoms are produced on the surface of the 
metal during the formation of the hydrogen molecule. Atomic 
hydrogen may penetrate the steel prior to combination to 
form hydrogen gas, which results in a loss of ductility of 
the prestressing wire18. Moreover, it is believed that more 
lattice defects are generated by the higher prestressing 
levels, which result in a more severe decrease in ductility. 
These lattice defects served as a potential diffusion path for 
hydrogen trapping.

The hydrogen embrittlement index is calculated by the 
ductility loss41. From the tensile test results, the hydrogen 
embrittlement index I can be obtained from the differences in 
ductilities of the non-hydrogenated and plasma hydrogenated 
prestressing steel wire samples :

unhy hypr

unhy
I 100

ε ε

ε

−
= × 	 (1)

Where unhyε  is the ductility of the non-hydrogenated, 0% 
prestressing steel wire sample and hyprε  is the ductility of 
the plasma-hydrogenated prestressing steel wire sample. 

Figure 6. The decrease in the yield strength of the plasma-hydrogenated 
prestressing steel wire samples to various levels.
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The results of calculations of the hydrogen embrittlement 
index for the plasma-hydrogenated prestressing steel 
wire samples are tabulated in Table 2. Figure 7 shows the 
hydrogen embrittlement index versus prestressing levels of 
the plasma-hydrogenated prestressing steel wire samples. It 
can be seen from this figure that the embrittlement index of 
the plasma-hydrogenated prestressing steel wire sample to a 
lower level of 10% has significantly reduced as compared to 
that of the non-hydrogenated and 0% prestressing steel wire 
sample. While the plasma-hydrogenated prestressing steel wire 
sample to a higher level (i.e., 30%) shows a further increase 
in the embrittlement index of about 8.15% as can be obtained 
from Table 2. Moreover, the highest value of the hydrogen 
embrittlement index is found for the plasma-hydrogenated 
prestressing steel wire sample at a higher level (i.e., 85%), 
which is about 25.6%. This finding implies that the former 
plasma-hydrogenated prestressing steel wire samples exhibit 
the highest sensitivity to hydrogen embrittlement among 
other plasma-hydrogenated prestressing steel wire samples 
to the lower levels. From these results, it is clearly seen that 
the embrittlement index is affected by both prestressing and 
plasma hydrogenation.

The sensitivity to hydrogen embrittlement of the steel wire 
was observed to increase with both plasma hydrogenation and 
prestressing levels as can be observed in Figure 7. The above 
finding can be attributed to the fact that the hydrogen trapping 
in steel wire samples was increased significantly by increasing 
the prestressing level, which generated more lattice defects 
such as grain boundaries, dislocations, voids, and other 
crystal defects. The molecular hydrogen is accumulated more 
in voids, pores, and interfaces than in other defect sites42. 
These defects are believed to increase with increasing the 
prestressing levels and thus increasing the potential trapping 
sites for hydrogen absorbing, which resulted in more severe 
degradation of the material. Furthermore, the accumulated 
hydrogen in the defects creates high pressure in them, which 
leads to the formation of new defects such as dislocations 
and vacancies43.

3.3. Tensile fracture of the plasma-hydrogenated 
prestressing steel wires

The plasma-hydrogenated prestressing steel wire samples 
have been pulled until fracture to determine the modes of 
the fracture using SEM. The fracture surface of the non-
hydrogenated and 0% prestressing steel wire sample exhibited 
an entirely ductile appearance with dimples as can be seen 
in Figure 8a. However, the fractographic observations of the 
surface of the hydrogenated non-prestressing steel wire sample 
revealed mostly ductile with wide dimples and some areas 
of brittle appearance after the slow strain rate test (SSRT) as 
can be observed in Figure 8b. No significant changes in the 
fracture morphology of the plasma-hydrogenated prestressing 
steel wire samples to 10% level were observed which may 
be due to the insufficient hydrogen trapping sites caused by 
the above prestressing condition. While the fracture surface 
of the plasma-hydrogenated prestressing steel wire sample 
to a higher level (i.e., 30%) revealed two morphologies of 
fracture, namely, ductile, and brittle appearances as shown 
in Figure 8c). Moreover, narrow dimples were observed on 
the fracture surface of the plasma-hydrogenated prestressing 
steel wire samples. It is believed that the later prestressing 
condition results in more lattice defects such as dislocations 
and cracks, increasing the number of trapping sites for 
hydrogen diffusion and thus enhancing the susceptibility 
of the material to hydrogen embrittlement.

It is found that the stress and strain fields generated in 
the prestressing steel affect strongly the hydrogen diffusion 
towards prospective fracture sites38, which may be also other 
causes for the hydrogen embrittlement. Moreover, the cleavage 
appearance in the brittle regions on the fracture surface of the 
prestressing steel wires is caused by the operation of hydrogen 
at the crack tip44. The hydrogen-induced brittle fracture was 
observed on ferritic steel after hydrogen plasma charging45. 
The cleavage-like failure is enhanced by lowering the free 
surface energy due to trapped hydrogen near the crack46.

SEM observations of the fracture surfaces of the plasma-
hydrogenated prestressing steel wire sample prestressed 
to a higher level (i.e., 40%) also revealed a mixed mode 
of fracture, i.e., ductile, and brittle appearances as can be 
observed in Figure 8d. However, the close examination of 
the fracture surface of the plasma-hydrogenated prestressing 
steel wire samples to 50% level showed larger embrittlement 
areas than those observed at the fracture surface of the 
plasma-hydrogenated prestressing steel wire samples to a 
lower level (i.e., 30%) as shown in Figure 8e. The hydrogen 
embrittlement areas at the fracture surfaces of the plasma-
hydrogenated prestressing steel wire samples were observed 
to increase with increasing prestressing.

The hydrogen embrittlement areas at the fracture surfaces 
of the plasma-hydrogenated prestressing steel wire samples 
to 70% and 85% are larger than those at the fracture surfaces 
of the plasma-hydrogenated prestressing steel wire sample 
at a lower level as can be observed in Figure 8f and 8g. 
Furthermore, the experimental results show that the plasma-
hydrogenated prestressing steel wire sample at the highest 
level (i.e., 85%) was fractured completely in a brittle manner 
with no evidence of ductile area in the whole fracture surface 
of the sample as can be seen in Figure 8g. It is seen clearly 
that the severity of the hydrogen embrittlement is increased 

Figure 7. The hydrogen embrittlement index of the plasma-hydrogenated 
prestressing steel wire samples as a function of prestressing.
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by increasing the prestressing procedure, which indicates 
clearly that the susceptibility of steel wire samples to the 
hydrogen embrittlement is enhanced by both hydrogenation 
and prestressing levels.

The evidence of hydrogen-assisted cracking was also 
noted at the fracture surfaces of the plasma-hydrogenated 
prestressing steel wire samples prestressed to various levels. 

The experimental observations show that the prestressing 
enhances the hydrogen-assisted cracking in the steel wire 
samples. To further investigate the hydrogen-assisted cracking, 
SEM micrographs were taken from the fracture surfaces of the 
plasma-hydrogenated prestressing steel wire samples before 
and after prestressing. The SEM observations reveal that few 
and narrow hydrogen cracks are observed at the fracture 

Figure 8. Fracture morphologies of the non-hydrogenated steel wire sample (a) and plasma-hydrogenated prestressing steel wire samples 
at various levels of: (b) 0%, (c) 30%, (d) 40%, (e) 50%, (f) 70% and (g) 85%.
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surfaces of the plasma-hydrogenated prestressing steel wire 
samples at a level of 30%. Whereas the plasma-hydrogenated 
prestressing steel wire samples to higher levels (i.e., 40% 
and 50%) showed more increase in the number of hydrogen 
cracks as can be seen from Figure 9c and 9d. In addition 
to these observations, the hydrogen cracks became longer 
on the fracture surfaces of the later plasma-hydrogenated 
prestressing steel wire samples compared to those observed 
on the fracture surface of plasma-hydrogenated prestressing 
steel wires at lower levels as revealed in Figure 9b.

The severity of the hydrogen cracking was observed to 
be enhanced with plasma hydrogenation and prestressing 

levels applied to the steel wire samples. The fracture surface 
of the plasma-hydrogenated prestressing steel wire sample 
to higher levels (i.e., 70% and 85%) revealed larger cracks 
than those observed on the fracture surface of the plasma-
hydrogenated prestressing steel wire samples to lower levels 
of 30% to 50% as shown in Figure 9e and 9f. The hydrogen-
induced cracking in steel can be explained by the diffusion 
of hydrogen atoms to the matrix interfaces and inclusions 
where the free energy is low, then the hydrogen molecules 
are formed from hydrogen atoms and built-up pressure on 
the material causing cracks47. Hydrogen cracks are formed 
along grain boundaries or other lattice defects in steel without 

Figure 9. Hydrogen-assisted cracking on the fracture surfaces of the plasma-hydrogenated prestressing steel wire samples to: (a) 0%, (b) 
30%, (c) 40%, (d) 50%, (e) 70% and (f) 85%.
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externally applied stress by high concentrations of hydrogen 
trapped in the steel48.

Hydrogen blisters are also observed on the fracture 
surfaces of the plasma-hydrogenated prestressing steel 
wire samples, the severity of which depends on the plasma 
hydrogenation and prestressing conditions applied to the 
material. The SEM observations of hydrogen blistering in 
the plasma-hydrogenated prestressing steel wire samples are 
shown in Figure 10. The plasma-hydrogenated prestressing 
steel wire sample to a lower level of 30% showed a few 
small blisters on its fracture surface as can be observed in 
Figure 10b. Whereas the hydrogen blisters in the plasma-

hydrogenated prestressing steel wire samples to the highest 
levels of 40% and 50% as shown in Figure 10c and 10d) 
are observed to be larger and higher in number than those 
observed in the plasma-hydrogenated prestressing steel wire 
samples to a lower level of 30% as shown in Figure 10b. 
The experimental results confirm that the severity of 
hydrogen blistering is increased by plasma hydrogenation 
and prestressing levels applied to the steel wire samples. 
Furthermore, extensive hydrogen blisters are formed on 
the surface of the plasma-hydrogenated prestressing steel 
wire samples with the highest levels of 70% and 85% as 
can be observed in Figure 10e and 10f. Many experimental 

Figure 10. Hydrogen induced blistering on the surfaces of high carbon prestressing steel wire samples with: (a) 0%, (b) 30%, (c) 40%, 
(d) 50%, (c) 70% and (f) 85% and then plasma hydrogen charged.
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investigations show similar behavior which is believed to 
be due to the increasing trap density for hydrogen resulting 
in the increasing number of hydrogen blisters on the steel 
surface49.

Moreover, the main cause of hydrogen blisters is the 
formation of molecular hydrogen by the combination of 
atomic hydrogen50. It is also believed that as the trap density 
increased, the number of hydrogen blisters on the steel 
surface increased51. Moreover, A linear relationship has 
existed between the hydrogen trap density and the dislocation 
density52. The pressure builds up by the hydrogen molecules 
at the local deformation generated by the prestressing and a 
blister is formed at these deformed regions. The prestressing 
to the highest levels results in more localized deformed 
areas at which more hydrogen pressure builds up and forms 
extensive hydrogen blisters in the steel wire samples. As a 
result, the hydrogen blisters in the plasma-hydrogenated 
prestressing steel wire samples prestressed to the highest 
levels, are increased in number, and become large, which 
indicates that the plasma-hydrogenated prestressing steel 
wire samples prestressed to the highest levels are more 
susceptible to hydrogen-induced blistering than those steel 
wire samples prestressed to the lower levels.

4. Conclusions
The plasma hydrogenation of high-carbon prestressing

steel wires was studied throughout the current investigation. 
The following concluding remarks can be made from the 
current research:

1. The plasma hydrogenation and prestressing have
a significant effect on the tensile behavior of high-
carbon steel wires. The plasma hydrogenation and 
the prestressing level lower the tensile properties
of the steel wires.

2. The susceptibility of the steel wires is increased
by both plasma hydrogenation and prestressing
levels as it is indicated by the embrittlement index.

3. The plasma-hydrogenated prestressing steel wires 
prestressed to higher levels showed a complete
brittle fracture, while the plasma-hydrogenated
prestressing steel wire samples at lower levels
showed the mixed mode of fracture, i.e., ductile,
and brittle morphologies.

4. The more severe cracking and blistering are
observed on the surfaces of the plasma-hydrogenated
prestressing steel wire specimens to the highest level.
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