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Abstract 
This study investigated the influence of microstructure on the mechanical properties and fracture toughness of API X65 
pipeline steel in the presence of hydrogen. In this study, electrochemical method was used for hydrogen charging and indenta-
tion technique was applied to obtain the fracture toughness. The results showed that in the presence of hydrogen, elongation 
(EL%), reduction of area (RA), ductile fracture percentage, and fracture toughness of all microstructures decreased. The 
microstructure of martensite (M) + bainite (B) + ferrite (F), had the highest hydrogen trapping and uptake (Capp) as 8.58 × 10–

6 mol cm−3 and the lowest apparent hydrogen diffusivity (Dapp) as 5.68 × 10−10 m2 s−1; thus, the maximum decrements of 
33% in fracture toughness, 40% in ductile fracture percentage, 47% in RA, and 35% in EL% were observed. However, the 
microstructure of ferrite (F) + degenerated perlite (DP) + martensite-austenite micro constituent (M/A), where the lowest 
value of 5.85 × 10–6 mol cm−3 for Capp and the highest value of 8.5 × 10–10 m2 s−1 for Dapp had the minimum decrements as 
2% in fracture toughness, 10% in ductile fracture percentage, 4% in RA, and 7% in El%. According to the obtained results, 
depending on the type of microstructures, hydrogen-induced work softening or hardening were observed by decreasing or 
increasing the yield stress respectively.

Keywords  Microstructure · Fracture toughness · Indentation technique · Hydrogen permeability · Hydrogen enhanced 
softening and hardening

1  Introduction

Hydrogen embrittlement (HE) is one of major unexpected 
failure mechanisms in API pipeline steel. Wang [1] reported 
that local corrosion and cathodic protection can produce 
hydrogen atoms. Then, due to small atomic radius of hydro-
gen it can diffuse into the steel and dissolve at the intersti-
tial sites, or be trapped at defect zones such as dislocations, 
grain boundaries, etc. [2]. The quantity of trapped and dis-
solved hydrogen in a material depends on the type of micro-
structure and the density of defects [1, 2]. Hejazi et al. [3] 
studied the influence of microstructure on the sensitivity of 
API X70 steel and showed that the trapping of hydrogen is 
highly dependent on the type of ferrite microstructure. Park 
et al. [4] reported that among ferrites, bainitic ferrite is the 
most effective microstructure on hydrogen trapping. On the 
other hand, other researchers found that the acicular ferrite 
trapped hydrogen more than ultrafine ferrite [5]. Lunarska 
et al. [6] investigated the hydrogen trapping behavior in vari-
ous microstructures and concluded that hydrogen-trapping 
efficiency diminished as follows: martensite, bainite, fine 
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perlite, coarse perlite, and secondary-phase particles. It was 
assumed that the segregated zones with martensite or bainite 
were harmful for hydrogen-embrittlement sensitivity. It was 
also reported that sensitivity of lower bainite to hydrogen 
embrittlement was lower than quenched and tempered mar-
tensite [5, 6]. Huang et al. [7] reported that microstructures 
including granular bainite (GB) containing M/A micro con-
stituents increased sensitivity to hydrogen cracking.

The interaction of trapped and dissolved hydrogen with 
dislocations can affect mechanical properties especially frac-
ture toughness. Fracture toughness can be defined as resist-
ance of cracked material to the crack propagation [8]. ASTM 
E-399 standard suggests common test methods for meas-
uring fracture toughness where in the presence of hydro-
gen, NACE TM 0177 standard is used. In all test methods, 
in addition to the difficult procedure of tests, pre-cracked 
samples with special dimensions are required thus making 
it difficult, expensive, and time-consuming. Over the past 
decades, many efforts have been made to develop simple and 
non-destructive test methods. Indentation method is usually 
used to measure hardness; Lawn et al. first proposed this 
technique to obtain fracture toughness in brittle materials 
in 1980 [9]. Afterward, studies were done to develop this 
technique for ductile materials [10–12]. Computer simula-
tions results showed that under indentation tip similar to 
crack tip, the deformation field and the degree of stress 
constraint are the same. Meanwhile, many practical studies 
obtained fracture toughness by indentation technique and 
reported that there is good agreement (about 10% differ-
ences) in the results obtained by other common methods 
[8, 12, 13]. For example: Lee et al. [13] used both indenta-
tion and Crack Tip Opening Displacement (CTOD) tests 
four steels of ASME SA335 P12, API X65, ASME SA 106, 
API X70 and observed that indentation technique showed 
a good agreement with the results of CTOD tests. Min He 
et al. [14] used indentation and Compact Tension (CT) tests 
to obtain fracture toughness of AA 5052-O1 and SS302 

stainless steel. They observed that the fracture toughness 
obtained by indentation tests had good conformity with the 
results of CT tests. Other studies also reported good agree-
ments of indentation test results with common test methods 
[8, 15–17]. Thus, it seems that indentation method can be a 
suitable alternative technique to measuring fracture tough-
ness in ductile materials.

So far, indentation method has not been used to measure 
the fracture toughness of ductile materials such as API steels 
in the presence of hydrogen. On the other hand, the contra-
dictory results about microstructure effects on the mechani-
cal properties in the presence of hydrogen in pipeline steels 
suggest the necessity of further research in this field. Thus, 
the aim of this work is to study the effect of microstruc-
ture on mechanical properties in the presence of hydrogen 
using indentation method to measure the fracture toughness. 
Hence, API X65, which is widely used in gas and oil trans-
portation systems, was selected for this study.

2 � Experimental Procedure

2.1 � Sample Preparation

The chemical composition of API X65 steel is presented in 
Table 1. Different microstructures from as-received thermo 
mechanical API X65 steel in rolling direction were obtained 
under heat treatments. Table 2 reports the codes of the sam-
ples according to type of their heat treatments.

2.2 � Microstructural Characterization

All specimens were ground up to 3000 grit paper and then 
mirror polished using 0.2 µm Al2O3 suspension. They were 
cleaned with acetone and etched with Nital 2%. Meanwhile, 
for more analysis, the samples were tint etched as follows: 
pre-etching by 4% picral (4 g picric acid in 100 mL ethanol) 

Table 1   Chemical composition of API X65

Element Fe C Mn Si Al P S Ni N Sn Mo V Nb Ti Co Cr B

wt% Bal 0.1 1.45 0.2 0.035 0.02 0.005 0.004 0.003 0.002 0.04 0.069 0.054 0.041 0.002 0.04 0.001

Table 2   Heat treatment cycles Sample code Austenizing tempera-
ture (°C)

Austenizing time 
(min)

Cooling condition

TMCP As-received – –
800 W 800 30 Water cooled
860 A 860 30 Air cooled
60 A 860 30 Quench in salt bath of 530 °C 

and held for 60 s and then Air 
cooled
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for 60 s and then dipping in 10% sodium metabisulfite solu-
tion (10 g sodium metabisulfite in 100 mL distilled water) 
for 15 s [18]. The microstructures were characterized by both 
OM using OLYMPUS BX51M and SEM using a VEGAII 
TESCAN SEM at voltage of 20 kV. The volume percentage 
of all phases in the microstructures was obtained by MIP4 
Students and MIP Cloud software.

2.3 � Electrochemical Hydrogen Permeation Test

ISO 17081: 2004 E standard test method was used to meas-
ure the hydrogen permeability by Devanathan and Stachur-
ski electrochemical cell [19]. Figure 1 displays the schemat-
ics of modified dual cell and all information about solutions, 
electrodes, etc. Note that ammonium thiocyanate (NH4SCN) 
was used to increase hydrogen diffusion and hinder forma-
tion of hydrogen molecules. Specimens with thickness 
of 1 mm were prepared and then both sides of them were 
ground up 600 grit paper and cleaned with methanol. In the 
hydrogen detection side, in order to deposit a thickness of 
100 nm of pd film, an electrochemical method was used. The 
coating bath was 2.54 g of PdCl2 and 500 ml of 28% aque-
ous ammonia solution and a galvanostatic current density of 
2.83 mA cm−2 was cathodically applied for 2 min [20]. The 
cleaned specimen with exposed area of π cm2 was placed 
between two electrochemical cells. To start the test, at first 
the detection side was filled and then + 250 mV (SCE) was 
applied while anodic current was monitored until reaching a 
stable background current. Next, the charging cell was filled 
and then a current density of 5 mA/cm2 was applied using 
Dazheng DC power supply model ps-3050. The extraction 
flux of hydrogen is proportional to the current density (i) on 
the detection side. Until reaching a steady state, the changes 

in i with time were monitored. The hydrogen permeation rate 
Jss.L (mol cm−1 s−1) is defined as [21–23]:

In the above equation, iss represents the current density 
at steady state, L is specimen thickness, and Faraday con-
stant is shown by F. The effective hydrogen diffusivity, Deff 
(cm2 s−1), using time lag method, is defined as [21–23]:

where tL (s) is the lag time, known as 0.63 steady state 
time. The apparent hydrogen solubility Capp (mol cm−3) is 
described by [21–23]:

Hydrogen trap density could be estimated by the follow-
ing equation [23]:

where Nt is the hydrogen trapping density per volume, DL 
denotes hydrogen diffusion coefficient in ferrite and equals 
to 7.2 × 10–9 m2 S−1.

2.4 � Tensile Test

In order to investigate the hydrogen effect on mechanical 
properties of the samples, tensile tests were performed on 

(1)JSSL =
iSSL

2F

(2)Dapp =
L2

6tL

(3)Capp =
JSSL

Dapp

(4)Nt =
Capp

3

(

DL

Dapp

− 1

)

Fig. 1   Schematic of Devana-
than-stuchurski cell
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the reference (not-charged) as well as pre-charged samples. 
In order to perform hydrogen pre-charging operation, after 
grinding the sample surfaces by 60 to 2000 Sic papers, in the 
presence of a 316 stainless steel as the cathode, they were 
pre- charged for 12 h in the charging solution (mentioned 
in Sect. 2.3) with an applied current density of 5 mA/cm2. 
In-situ charging operation was also performed during tensile 
test. For this purpose, a special cell and a special tensile jaw 
which was resistant against corrosion and hydrogen embrit-
tlement were designed and fabricated. During tensile tests, 
the samples were exposed to the same solution and charg-
ing conditions with the pre-charging process. The tensile 
test was performed by Instron equipment with a maximum 
applied load of 20 tons and tension speed of 1 mm/min on 
all samples. Further, all test conditions were performed three 
times with the average of results reported. The prepared 
samples for tensile tests were the same for both charged and 
reference (non-charged) conditions and they were prepared 
in miniature with a gauge length of 12.5, thickness of 4.7, 
and width of 3 mm.

2.5 � Fracture Toughness Obtained by Indentation 
Test

Firstly, 5 specimens with the length and width of 30 mm 
and thickness of 1 mm were prepared from the samples. 
Once ground, the specimen surfaces were mirror polished 
by alumina powder solution. In the next stage, one side of 
the samples was covered with a specific adhesive and the 
other side was pre-charged as mentioned in Sect. 2.4. After 
pre-charging, micro-indentation test was performed on the 
reference and pre-charged samples. A constant displace-
ment method was used with 5 indentation depths from 20 
to 100 µm with intervals of 20 µm. The loading and unload-
ing rates of indentation test were 5 µm/s. Each indentation 
test was performed three times with the average of results 
reported. The output of indentation test is load (F)-pene-
tration depth (hp) diagram. Plastic deformation energy or 
indentation energy (GIE) is the definite integral of P-hp. 
Imaginary fracture occurs when indentation energy reaches 
a critical value (GIEF) at h∗

p
 and can be expressed as Eq. 5: 

[24–35]:

In the above equation, P is the pressure of indentation, F 
denotes indentation load, and Ap shows the plastic area of 
indentation and expressed as [24–35]:

(5)GIEF = ∫
h∗
p

0

F(hp)dhp = ∫
h∗
p

0

F(hp)

Ap(hp)
dhp

(6)AP = 23.75h2
p

GIEF can be related to strain energy density by the fol-
lowing equation:

In Eq. 7, S represents the strain energy density and ϑ is 
the Poisson ratio of the material and assumed 0.3. While, 
S reaches to a it’s critical value (Scr) it could be consid-
ered as a crack extension energy. Scr signals the fracture 
toughness and its relationship with KIC is described by the 
following equation [24–35]:

As shown earlier, in order to calculate the fracture 
toughness, it is necessary to obtain the critical indenta-
tion depth ( h∗

p
 ). Thus, it reduced elastic modulus (Er) and 

effective material elastic modulus (E~) should be defined, 
according to the following equations [24–35]:

In the above equations, hc shows elastic depth of con-
tact, Ei denotes the elastic modulus of indentation tip 
(900 GPa), and �i denotes the Poisson’s ratio of indenter 
(0.02). Ac is the area of contact and K shows the stiff-
ness in unloading. � is a correction factor induced by loss 
of axial polarity and set as 1.0124 for Vickers indenter 
[24–35]. Having calculated E~ at various hc, the equa-
tion between E~ and hp can be extracted. ln E~-ln hp curve 
shows an almost linear trend and its equation can be 
obtained easily. The effective elastic module at the imagi-
nary fracture initiation point ( E∼

min
 ) related to the elastic 

modulus of material (E ≈ 210 GPa) can be obtained by the 
following equation [24–35]:

When E∼
min

 is obtained by Eq. 12, then h∗
p
 can be identified by 

the linear equation observed between ln E~ and ln hp. Now 
by replacing h∗

p
 in Eq. 6, GIEF can be obtained and then Scr 

will be calculated by Eq. 8. Finally, the fracture toughness 
will be obtained by Eq. 9.

(7)GIEF =
Scr(1 − �)

(1 − 2�)

(8)KIC =

√

2ESCr

(1 + �)(1 − 2�)

(9)Ac = 24.504h2
c

(10)Er =
k.
√

�

2�.
√

Ac

(11)E∼ =
(1 − �2)

(

1

Er

−
1−�2

i

Ei

)

(12)E∼

min
= 0.51E
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3 � Results

3.1 � Microstructures

OM images of tinted etch of 800 W, 860 A, 60 A, and 
TMCP samples are shown in Fig. 2. This tint etchant shows 
martensite in brown, bainite in blue, as well as ferrite and 
retained austenite in white [18]. As can be seen, only in 
800 W sample brown color which represents martensite 
was observed. Also, only in 60 A and 800 W samples, 
bainitic microstructure with blue color were observed. By 
using MIP4 image processing software, the percentages of 
colored phases of martensite and bainite as well as white 
zones were calculated with the results shown in Table 3. 
For more accuracy, at least 10 images of each sample 
were analyzed. The white zones in the images of Fig. 2 
can represent two phases of ferrite and retained austenite, 
where to measure the percentage of retained austenite, 
XRD method was used. In XRD patterns, austenite phase 
peaks were not observed. Thus, it can be concluded that 
the white zones in Fig. 2 are ferrite [36–41]. On the other 
hand, dark zones can be observed in images of 2-a–c. In 

order to recognize and calculate the volume percentage 
of these zones, higher magnification images were taken 
by SEM. Figure 3 displays the SEM images. As can be 
seen in the images of 60 A, 860 A and TMCP samples 
dark zones could be identified as degenerated perlite (DP) 
and martensite-austenite (M/A) micro constituents. Mean-
while, as shown in Fig. 2a, b the carbides in ferrite grains 
in 860 A sample is coarser than in TMCP. Also, the M/A 
micro constituents in 860 A sample had Island-shape while 
in TMCP and 60 A samples, the morphology changed to 
strips around ferrite grains. As can be seen in Fig. 3d, in 

Fig. 2   OM micrograph of Etched microstructure by etchant No. 2. a TMCP, b 860 A, c 60 A, d 800 W

Table 3   Phase percent of samples

Ferrite (F), Martensite (M), Bainite (B), Martensite-Austenite (MA), 
Degenerated Perlite (DP)

Sample 
%volumetric

F M B MA DP

TMCP 87 ± 3 – – 3 ± 0.5 10 ± 1
800 W 50 ± 5 40 ± 3 10 ± 1 – –
860 A 92 ± 2 – – 3 ± 1 5 ± 1
60 A 57 ± 1 – 35 ± 1 8 ± 1
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the 800 W sample, martensite (M) packets, bainite (B) 
laths and ferrite (F) grains were clearly marked in the 
microstructure.

3.2 � Hydrogen Permeation

Figure  4 reveals the normalized diagram of hydrogen 
permeation vs. a dimensionless time coefficient [42, 43]. 
Hydrogen permeation (J) is normalized by dividing to the 

super saturation permeability (JSS) and dimensionless time 
is also calculated by Eq. 13 [43]:

In the above equation, DL means coefficient of hydro-
gen diffusion in ferrite with value of 7.2 × 10–9 m2/s at 
room temperature [44]; t denotes time (seconds), and L is 
the sample thickness (m). As observed in Fig. 4, in all of 

(13)τ =
DL.t

L2

Fig. 3   SEM images of a TMCP, b 860 A, c 60 A, d 800 W
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the samples, the normalized permeability has increased 
with time, and past a transient zone, it reaches a satura-
tion state. Also, no significant difference can be observed 
between the behaviors of different samples. As can be seen 
in Fig. 4, the diagrams are divided into three zones. In 
zone I, atomic hydrogen starts to dissolve in the lattice 
and gets entrapped in reversible and irreversible traps. In 
zone II, called the transient zone, hydrogen is dissolved 
and trapped with a sharper rate. In zone III, the sample get 
saturated by the dissolved and trapped hydrogen. The start 
times of zones III, II, and the slope of the transient zone 
are the important points [19–23]. The shortest start time of 
transient zone is 46 s related to TMCP sample, followed by 
57 s, 64 s and 79 s related to 860 A, 60 A, and 800 W sam-
ples respectively. The slope of transient zone (II) in 800 W 
is equal to 0.3, 0.18 for 60 A, and 0.1 in TMCP as well 
as 860 A samples. The shortest start time of saturation 
is 778 s and related to 800 W. The maximum saturation 
time is 1877s in 60 A. Additionally, saturation times in 
TMCP and 860 A are 1745 s and 1670 s respectively. The 
values of Capp (the dissolved hydrogen in the lattice and 
reversible traps), Dapp (apparent diffusion coefficient of 
dissolved and trapped hydrogen in reversible traps) and Nt 
(density of traps) using the explained procedure described 
in Sects. 2–3 were calculated with the results shown in 
Table 4. The general belief is that by increasing Capp, 
as well as decreasing Dapp and JSS.L, more hydrogen is 
trapped in steel [45, 46]. Studies found that hydrogen dif-
fusivity in ferrite was in the order of 10–8 m2 s−1 [44, 45], 

while in this study it is lower about 10–2 m2 s−1. Appar-
ently, the defects such as inclusions, grain boundaries, and 
precipitates can function as hydrogen trapping zones and 
reduce hydrogen diffusivity [45]. The values observed in 
Table 4 are similar to the results reported in various stud-
ies for pipeline steels including API X65 steel [46–49].

3.3 � Mechanical Properties and Fracture Toughness 
Parameter

The stress–strain diagrams of the reference and charged sam-
ples are presented in Fig. 5. Table 5 reports the extracted val-
ues of yield strength (Ys), ultimate tensile strength (UTS), 
elongation (EL), reduction of area (RA), and Ln (A0/Af) 
(A0 is the initial cross section equal to 14.1 mm2, and Af is 
the final cross section). In Table 5, the TMCP sample with 
a microstructure of F + DP + MA has a yield stress of about 
355 MPa and UTS of about 560 MPa. In the 800 W sample, 
with a microstructure of F + M + B due to the presence of 
M + B laths, the yield stress and UTS increased by about 
20% and 30% respectively while the elongation decreased 
from 52 to 42%. The sample of 860 A with the microstruc-
ture of F + DP + MA in comparison to TMCP showed a 
15% decrease in the yield strength, 18% decrease in UTS, 
and 13% increase in elongation due to the decrement of 
DP percent and absence of thermomechanical effects. The 
60 A sample with the microstructure of F + B + MA had an 
increment of about 6% in the yield stress and decrement of 
about 6% in the elongation than TMCP. The increase in the 
percentage of brittle M/A micro constituents as well as the 
presence of B can result in higher yield stress and lower 
elongation in 60 A than TMCP. On the other hand, in the 
case of UTS, no considerable change is observed.

By pre-charging operation as well as in-situ charging, the 
values of Ys, UTS, and %El changed. Table 6 reports the 
changes induced by hydrogen charging. As can be seen in 
Table 6, in all samples except 800 W, Ys and UTS increased 
by hydrogen charging. In other words, for all samples except 
800 W, due to elevation of Ys, hardening is observed. Based 
on Table 6, hydrogen charging operation resulted in dimin-
ished ductile fracture percentage, El, and RA values in all 
samples. The maximum decline in the ductile fracture per-
centage, RA, and El has been equal to 40%, 47% and 35% 

Fig. 4   J/JSS-τ curves of samples

Table 4   Data’s obtained by 
devanatan-stuchurski cell

800 W 860 A 60 A TMCP

ISS × 10–6 (A) 506 ± 8 398 ± 6 406 ± 4 480 ± 5
JSS.L × 10–9 (mol m−1 S−1) 6.27 ± 0.1 4.926 ± 0.1 5.07 ± 0.1 5.94 ± 0.1
C app × 10–6 (mol/Cm3) 10.99 ± 0.05 5.85 ± 0.03 7.87 ± 0.03 6.78 ± 0.03
Dapp × 10–10 (m2 S−1) 5.68 ± 0.11 8.39 ± 0.2 6.47 ± 0.18 8.67 ± 0.1
NT × 1025 (mol Cm−3) 2.67 ± 0.14 0.924 ± 0.04 1.65 ± 0.11 1.04 ± 0.05
t (s) 165 ± 3 111.74 ± 2 145.643 ± 4 108.13 ± 2
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respectively belonging to the 800 W sample. The 860 A 
sample with 10% decrease in the ductile fracture percentage, 
7% decrease in elongation, and 4% reduction in area has had 
the minimum decrement. Further, 60 A and TMCP Samples 
had 30% and 25% decrease in ductile fracture percentage, 
35% and 13% decrease in elongation, and 22% and 11% in 
reduction of area respectively. It seems that by increasing 

Dapp and reducing Capp, the extent of reduction in the fracture 
percentage, RA, and El diminished.

Figure 6 reveals the SEM images of the fracture surfaces 
of charged and reference samples at low magnification. 
Quasi-cleavage (QC) and ductile fracture areas have been 
marked on these images. Through dividing the areas of the 
ductile fractured region by the total area, the percentage of 
ductile fracture could be calculated. The calculation results 
are presented in Table 5. As can be seen in Table 5, due to 
the presence of hydrogen, the percentage of ductile fracture 
decreased in all samples.

For further studies on fracture surfaces, SEM images 
with higher magnification were taken and shown in Fig. 7. 
In Fig. 7a, c, e, g (reference samples), the features of duc-
tile fracture such as dimples are observed. In Fig. 7b, d, f, 
h (charged samples), in comparison to reference samples 
(Fig. 7a, c, e, g) it can be stated that: (1) the volume fraction 
of dimples decreased (2) dimensions of dimples shrank and 
(3) the fracture surfaces became smoother.

Based on the observations of Fig. 7, in the presence of 
hydrogen, volume fraction and the length and width of 
dimples decreased at fracture surfaces. Table 7 reports the 

Fig. 5   Stress–strain curves of 
charged and reference samples 
of: a 800 W, b 860 A, c 60 A 
and d TMCP (Added symbol 
-c at the end of sample codes 
means charged)

Table 5   Results of stress–strain curves of all samples in the presence and absence of hydrogen

* Added symbol –c at the end of sample codes means charged

800 W 800 W-C 860 A 860 A-C 60 A 60 A-C TMCP TMCP-C

YS (MPa) 426 ± 13 283 ± 23 300 ± 1 380 ± 2 378 ± 1 444 ± 2 355 ± 2 452 ± 2
UTS (MPa) 729 ± 23 684.5 ± 41.5 458 ± 3 562 ± 2 555 ± 3 609 ± 9 560 ± 6 634 ± 3
Elongation (El%) 42 ± 1.5 22 ± 2.5 59.4 ± 1.6 55 ± 1 49 ± 2 32 ± 1.2 52 ± 1 45 ± 1.5
Reduction of area (RA) 0.45 0.3 0.73 0.7 0.6 0.47 0.65 0.57
Ln(A0/A) 0.6 0.34 1.32 1.211 0.94 0.64 1.05 0.85
Ductile fracture percent 30% 18% 66% 52% 34% 24% 60% 45%

Table 6   Change in the values of obtained results of stress–strain 
curves due to presence of hydrogen

ΔY
S
% =

YSC−YSR

YSR

× 100,ΔUTS% =
UTSC−UTSR

UTSR

× 100,ΔEl% =
ElC−ElR

ElR

× 100

,ΔRA% =
RAC−RA0

RA0

× 100

*Added symbol –c at the end of sample codes means charged

800 W-C Vs. 
800 W

860 A-C 
Vs. 860 A

60 A-C Vs. 60 A TMCP-
C Vs. 
TMCP

ΔYS% − 33.5% 26% 17.4% 27%
ΔUTS% − 6% 22% 9% 13%
ΔEl% − 47% − 7% − 35% − 13%
ΔRA% − 35% − 4% − 22% − 11%
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Fig. 6   Low magnification SEM 
images of fractured samples of: 
a 800 W, b 800 W-C, c A860, 
d A860-C, e 60 A, f 60 A-C, g 
TMCP, h TMCP-C
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average measured length and width of the dimples obtained 
by MIP4 software.

Figure 8a–h reveals the load–displacement diagram of 
the samples in the indentation test. In The fracture tough-
ness was calculated as described in Sect. 2–5. Figure 9 

indicates Ln (E~)-Ln h diagrams of samples. The critical 
depth ( h∗

p
 ) where E~ reached the critical value of 109.2 GPa 

was obtained through extrapolation. Figure 10 shows the 
F-hp diagram for all charged and reference samples. As 
can be observed in all diagrams, the equations of force and 

Fig. 7   High magnification SEM 
images of fractured samples of: 
a 800 W, b800 W-C, c A860, 
d A860-C, e 60 A, f 60 A-C, g 
TMCP, h TMCP-C
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indentation depth were extracted. After obtaining the force 
equation and ( h∗

p
 ), the value of fracture energy (G), and then, 

the value of fracture toughness (KIC) can be calculated.
Figure 11 depicts the columnar diagram of KIC and G val-

ues of all charged and reference samples. As could be seen 
in Fig. 11, the G values for references samples are within 
the range of 120–153 kJ m−2. Siahpour et al. [50] measured 
fracture energy of API X65 by CTOD and reported that the 
obtained G was within the range of 118–154 kJ m−2, which 
was in good agreement with the G values obtained in all ref-
erence samples in this study. On the other hand, the G values 
for charged samples lie within the range of 60–150 kJ m−2 in 

Table 7   Measured widths and lengths of dimples

*Added symbol -c at the end of sample codes means charged

Sample Length (µm) Width (µm)

800w 3 ± 0.2 1.8 ± 0.15
800 W-C 1 ± 0.05 0.5 ± 0.02
860 A 5 ± 0.12 3 ± 0.1
860 A-C 5 ± 0.3 2 ± 0.1
60 A 5 ± 0.2 3 ± 0.15
60 A-C 4 ± 0.11 2 ± 0.1
TMCP 5 ± 0.18 3 ± 0.2
TMCP-C 3 ± 0.23 1.7 ± 0.1

Fig. 8   Load–displacement curves of samples: a 800 W, b 800 W-C, c 860 A, d 860 A-C, e 60 A, f 60 A-C, g TMCP, h TMCP-C
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this investigation which are in good agreement with the values 
obtained by CTOD methods for measuring fracture energies 
of hydrogen charged API pipeline steels in other studies [1, 
51, 52]. Figure 11 also indicates that by performing hydrogen 
pre- charging, in all samples, the values of KIC and G have 
declined. The maximum values of KIC and G belong to TMCP-
C with the minimum values of KIC and G being related to 

800 W-C. Figure 12 presents the percentage of changes in KIC 
and G values for all samples through the hydrogen charging 
operation. As can be seen, the maximum decline in the tough-
ness and fracture energy such as elongation and ductile frac-
ture percentage belongs to 800 W, followed by 60 A, TMCP, 
and finally 60 A, respectively.

Fig. 9   Ln (E~)-Ln (h) curves of 
samples: a 800 W, 800 W-C, b 
860 A, 860 A-C, c 60 A, 60A-
C, d TMCP, TMCP-C



3930	 Metals and Materials International (2021) 27:3918–3934

1 3

4 � Discussion

4.1 � Effect of Microstructure on Hydrogen 
Permeability

Hydrogen trapping in steel is a function of two parameters: 
(1) hydrogen concentration on the steel surface, (2) micro-
structural parameters such as type and volume percentage 
of phases, precipitations, and inclusions [45]. Hydrogen 
reaction with trapping zones is the basis for various math-
ematical models. In short, hydrogen trapping depends on the 

number of traps and the hydrogen bonding energy with traps 
[53–61]. Generally, two types of reversible and irreversible 
traps have been recognized according to bonding energy 
with hydrogen [55–61]. Unlike reversible traps, irreversible 
traps do not release hydrogen at room or low temperatures 
due to higher bonding energy.

A more comprehensive categorization on traps based on 
the bonding energies with hydrogen introduces 3 types of 
weak, moderate, and strong traps [55–61]. In weak traps 
such as dislocations, fine precipitations, dissolved chro-
mium, and molybdenum, the bonding energy is about 20 kJ/

Fig. 10   F–h curves of samples: 
a 800 W, 800 W-C, b 860 A, 
860 A-C, c 60 A, 60 A-C, d 
TMCP, TMCP-C
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mol, while in moderate traps such as martensite laths and 
primary austenite grain boundaries, the bonding energy is 
approximately 50 kJ/mol. Finally, in strong traps such as 
inclusions, spherical, and fine precipitations or impurity 
segregation, the bonding energy is about 100–120 kJ/mol.

Studies have shown that depending on the type of car-
bides, dissolving temperature lies within the range of 
900–1150 °C [62, 63]. As austenitizing temperatures were 
800 °C and 860 °C in this study, it is clear that no carbides 
dissolved due to heat treatments. Thus, changes in the diffu-
sion coefficient, solubility, and density of traps could only 
be due to the type of microstructures formed.

As could be seen in Table 4, the maximum Capp and Nt 
as well as the minimum of Dapp belong to 800 W. These 
can be attributed to: (1) high dislocation density in B + M 
microstructure, (2) the lath morphology of B and M and (3) 
higher point defects due to a higher cooling rate. Studies 
have found that the microstructure of quenched martensite 
had the minimum diffusion coefficient in comparison to 
other microstructures such as B or F/P [45–47]. However, 
860 A has the minimum Capp and Nt. The microstructure 
of 860 A sample is mainly composed of F with large grain 

size which could result in low dislocation density as well 
as low area of grain boundaries. Thus, the density of 
reversible traps diminished and resulted in the minimum 
values of Capp and Nt in 860 A. Asher and Singh exam-
ined the hydrogen permeation behavior of APIX65 steel 
with abnormally high carbon of about 0.25% which was 
close to the final limit of API 5L carbon. They reported 
that coarse ferrite-perlite microstructure had the minimum 
Capp [64]. Further, in the comparison between TMCP and 
860 A, it can be concluded that Dapp and Nt are close, 
while, Capp in TMCP was about 14% higher than 860 A. In 
the microstructure of both samples, F was observed as the 
main phase along with MA + DP. In TMCP, the percentage 
of DP is two times of it in 860 A, that can be resulted in 
higher interfaces between ferrite and distributed carbides 
and could result in more reversible traps and, thus, Capp of 
TMCP was higher.

The comparison between the microstructures of TMCP 
and 60 A samples showed that the percentage of M/A 
in 60 A was about 1.65 times higher than in TMCP and 
also in 60 A sample against TMCP, bainite is present in 
the microstructure. In 60 A, Dapp was about 25% lower, 
Capp was about 17%, and Nt was about 58% higher than in 
TMCP. The increase in the percentage of hard and brittle 
M/A phase and the presence of B in 60 A could result 
in enhanced dislocation density and thus more revers-
ible traps which could result in an increase in the trapped 
hydrogen.

When comparing 60  A and 860  A samples, with 
increasing the volume percentages of M/A in 60 A and the 
presence of B as about 35% in this sample, Dapp dropped 
by approximately 23% and Capp increased by about 35%. 
On the other hand, a considerable increment of 80% was 
observed in the trap density. Elevation of the dislocation 
density due to B laths and M/A constituent percentage 
could result in increasing hydrogen trapping; thus, Capp 
and Nt increased while Dapp decreased in 60 A.

Fig. 11   Fracture toughness and 
fracture energy of charged and 
uncharged samples

Fig. 12   Column diagram of change in fracture toughness and fracture 
energy percent of samples
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4.2 � Effect of Hydrogen on Mechanical Properties 
and Fracture Toughness Parameter

Table 6 shows a decrement of − 33.5% in yield stress of 
800 W due to hydrogen charging. Further, based on the 
results of Table 5, yield stress in 800 W-C sample is the 
lowest. As mentioned above, dislocation is one of the revers-
ible traps in steels. It was reported that at room tempera-
ture, the majority of deformation occurred through screw 
dislocations [65]. The presence of hydrogen could lead to 
diminished required energy for kink formation on disloca-
tions [65]. On the other hand it was reported that due to the 
elastic shielding effect of hydrogen, dislocations movements 
needs to lower stress levels. Considering the maximum value 
of Capp in the 800 W sample, it could be expected that the 
minimum energy for kink formation and the highest shield-
ing effect belonged to 800 W. Thus, the maximum numbers 
of kinks could form in 800 W and cause further dislocation 
movement; thus, the yield stress in 800 W-C decreased. In 
other samples, as could be seen in Table 6, due to hydrogen 
charging, Ys increased and hydrogen hardening is observed. 
With decreasing trapped hydrogen in reversible sites, the 
required energy for kink formation increased and probably 
enough kinks were not formed on screw dislocations and 
also the shielding effect of hydrogen decreased. Thus, dis-
location pile up and tangle could occur consequently hydro-
gen-induced hardening was observed [65–69].

Based on Table 6, the trend of changes in UTS is similar 
to Ys. In other words, in the 800 W sample, with hydro-
gen charging, UTS decreased while in other samples, it 
increased. Reduction of UTS in 800 W could be attrib-
uted to the minimum value of Dapp which could restrict the 
extraction of hydrogen from reversible traps. This could 
keep elastic shielding effect and hold the required energy 
for the formation of kinks low. Also, the formed kinks and 
elastic shield may facilitate dislocation movement where 
finally UTS decreased in the 800 W sample. With increasing 
Dapp, the extraction rate of hydrogen atoms and the energy 
required for kink formation increased and shielding effect 
decreased. Thus, UTS changes similar to Dapp as below:

860 A, TMCP˃60 A˃800 W.
As the maximum value of Dapp belonged to TMCP and 

860 A samples, it seems that the maximum increase in UTS 
is attributed to 860 A and TMCP samples. Since, Capp in 
860 A was lower than in TMCP, the energy required for 
kink formation in 860 A could be higher than in TMCP; 
and also shielding effect is lower in comparison to TMCP 
consequently, the number of kinks in 860 A could be lower 
than in TMCP. Thus, the value of UTS is higher in 860 A 
than in TMCP.

At the fracture surfaces of all charged samples, as shown 
with arrows in Fig. 7b, d, f, h, in addition to dimples, flat 
surfaces, and chevron marks can be observed with the 

characteristics of brittle fracture. In fracture surfaces of all 
reference samples (Fig. 7a, c, e, g), dimples could be seen. 
The atomic trapped hydrogens could combine and form 
hydrogen molecules in the interfaces of precipitation with 
matrix where the produced pressure could facilitate deco-
hesion of precipitations; thus, failure could be obtained at 
lower strains where the dimple dimensions and their volume 
fractions decreased. Based on microscopic observations, it 
can be concluded that due to hydrogen, the fracture type 
changed from ductile to quasi cleavage. Other researchers 
also reported quasi-cleavage fracture due to the presence of 
hydrogen [70–72].

As shown in Fig. 11, the highest fracture toughness (KIC) 
and fracture energy (G) is attributed to TMCP sample, and 
the lowest belongs to 60 A sample. It seems that the M/A 
micro constituents in the microstructure of 60 A, could result 
in minimizing KIC and G. Also, another study reported that 
the presence of M/A micro constituents resulted in deg-
radation of fracture toughness [70]. KIC and G of 800 W 
were about 5% lower than those of TMCP. It seems that the 
presence of about 10% bainite in the 800 W microstructure 
could lead to greater toughness and fracture energy in this 
sample thatn it was expected. Other researchers have also 
reported the positive effect of bainite on fracture tough-
ness [6, 72]. On the other hand, the toughness and fracture 
energy of 860 A sample were about 11% lower than those of 
TMCP. It seems that decreasing of DP percent and omission 
of thermomechanical effects due to heat treatment, resulted 
in diminished toughness and fracture energy in the 860 A 
sample. The trend of changes in KIC and G in the charged 
samples (Fig. 12) can be attributed to the Capp trend. With 
elevation of Capp, more hydrogen embrittlement mechanisms 
could be activated and thus greater reductions in G and KIC 
were obtained. It can be concluded that according to the 
extent of reduction in the fracture energy and toughness 
due to hydrogen, the microstructure consisting of M + B + F 
attributed to 800 W is the most susceptible to hydrogen 
embrittlement, while 860 A sample with the microstructure 
of F + MA + DP had the lowest susceptibility.

5 � Conclusions

This research examined the influence of microstructure on 
the mechanical properties and fracture toughness of API 
X65 in the presence of hydrogen. Various heat treatments 
were carried out on TMCP as-received sample to obtain 
different microstructures. In order to measure the value of 
uptake and trapped hydrogen in the samples, Devanathan-
stachurski cell was fabricated. Tensile test was used to study 
the mechanical properties of reference and hydrogen charged 
samples. Note that in-situ hydrogen charging was performed 
during the tensile test along with hydrogen pre-charging. 
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Finally, using the indentation method, the fracture toughness 
values of references and pre-charged samples were meas-
ured. The results of this study can be summarized as follows:

(1)	 M + B + F microstructure had the minimum Dapp and 
maximum Capp due to the highest density of reversible 
traps. On the other hand, in other microstructures, with 
the reduction of volume fractions of MA ` DP, Capp 
decreased while Dapp increased.

(2)	 With hydrogen charging in the microstructure of 
M + B + F, the yield stress and UTS diminished. On the 
other hand, in the microstructure composed of ferrite 
(F), degenerated perlite (DP), and M/A micro constitu-
ent, YS and UTS increased.

(3)	 Hydrogen charging operation resulted in diminished 
elongation (El), reduction of area (RA), and ductile 
fracture percentage in all microstructures. Due to the 
presence of M, the microstructural combination of 
M + B + F had the maximum reduction.

(4)	 Hydrogen charging changed the fracture morphol-
ogy from ductile to quasi-cleavage. Meanwhile, dim-
ple dimensions and their volume percentages also 
decreased in the presence of hydrogen.

(5)	 With hydrogen pre-charging, for all microstructures, 
fracture toughness (KIC) and fracture energy (G) 
decreased. The maximum KIC and G were attributed 
to the microstructure obtained by thermomechanical 
operation while the minimum KIC and G belonged to 
the M + B + F microstructure.

(6)	 M + B + F microstructure was the most susceptible to 
hydrogen embrittlement while the microstructure of 
F + MA + DP had the lowest susceptibility.
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