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A B S T R A C T

The aim of this work was to investigate the role of crystallographic orientations and grain
boundary characteristics as a new approach to controlling the intergranular cracking (IGC)
susceptibility. In this respect, hydrogen cathodic charging under two different current densities
was carried out on 17–4 pH steel (H900 condition) in order to search for correlations between
intergranular corrosion and microstructure, inclusions, and grain orientations. Then, to
emphasize the importance of crystallographic orientation in IGC, hydrogen cathodic charging
was carried out on 17–4 pH steel in solution condition, in which grains oriented with {110} and
{111} parallel to the normal direction (ND) are dominant. The results showed that a reduction in
the fraction of undesired {001}//ND grains and development of {110}, {112}, and {111}//ND
texture components improved the IGC resistance. In addition, a higher fraction of low angle and
special boundaries with low internal energy due to better compatibility between adjacent grains
was observed in the uncracked sample and led to increased IGC resistance.

1. Introduction

UNS S17400 (17–4 pH martensitic stainless) steel is widely used in various applications such as in the marine construction,
petrochemical, oil, and nuclear industries due to its excellent combination of mechanical properties and corrosion resistance.
Therefore, much attention has been paid to investigation of the effect of solution annealing and ageing behaviour of 17–4 pH steel
over recent decades [1–3]. This steel can be purchased with different final heat treatments, including H900, which consists of solution
treatment at 1040 °C followed by ageing at 482 °C (900 °F) for 1 h. Another option is H1100, which is a solution treatment at the
same temperature combined with over-ageing at 593 °C (1100 °F) for 4 h [1]. The increasing demand for particular applications in
harsh and corrosive environments has forced the steelmaking industry to improve the mechanical and corrosion properties.
Intergranular cracking (IGC) is one of the most critical damage modes in the development of 17–4 pH steel [1]. Because of the
harmful effect of IGC in high strength steels, numerous investigations have been performed [4–6]. Researchers have suggested several
methods to reduce the probability of IGC such as adding micro-alloying elements [7,8], eliminating precipitations [9], and reducing
segregations [10,11]. These strategies have not always been effective. Therefore, control of the crystallographic textures and grain
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boundary characteristics has recently been proposed as a new approach to reduce the susceptibility to hydrogen embrittlement (HE)
and can be effective in these steels.

In steels, carbon and nitrogen with a small atomic radius tend to occupy the octahedral positions in the body-centred cubic (BCC)
lattice [12]. This lattice distortion in the structure leads to weakening of the covalent atomic bonds, especially in {001} planes with a
small number of nearest neighbours and low packing density. As a result, grains with {001} orientation are prone to crack formation
and failure behaviour [13]. Meanwhile grains oriented in the {111} and {110} directions corresponding to dense planes in BCC
structure show higher corrosion resistance [14,15]. Moreover, Schreiber et al. [16] studied the anodic dissolution of iron in crystal
scale. They reported that the maximum dissolution rate occurs in grain oriented with {100} parallel to the normal direction ({001}//
ND), while {111} and {110}//ND showed higher resistance to dissolution during electrochemical corrosion. On the other hand, high-
angle grain boundaries (HAGBs), having high stored energy, provide an easier path for crack propagation. Meanwhile, a coincidence
site lattice (CSL) and low angle grain boundaries (LAGBs) with better fit between the adjacent lattices and lower stored energy are
considered as obstacles to crack propagation, leading to a reduction in the crack growth rate [17,18].

Since the H900 condition is common for applications requiring high strength and corrosion resistance, improvements in corrosion
resistance have always drawn attention. In this work, a 17–4 pH high-strength martensitic stainless steel was solution-annealed at
1040 °C for 1 h followed by ageing at 482 °C for 1 h. Then, the samples were subjected to hydrogen cathodic charging in acid solution
under two different current densities, 30 and 300 mA/cm2. Although IGC was formed in both samples, the cracked and uncracked
regions were studied to find a correlation between the microstructure and microtexture and the IGC susceptibility. Then, hydrogen
cathodic charging was carried out in the same solution heat treatment following by ageing at 600 °C, which led to the same
microstructure with dominant {110} and {111}//ND grain orientations, highlighting the importance of crystallographic orientations
in IGC. The result showed an excellent increase in IGC resistance.

2. Experimental procedures

The chemical composition of 17–4 pH steel used in this work is given in Table 1. Two specimens (10 mm thick) were cut from a
cylindrical bar 25.4 mm in diameter. The samples were solution treated at 1040 °C followed by ageing at 482 °C (900 °F) for 1 h. After
that, the samples were embedded in resin with a copper wire for electric contact, ground with emery paper, and polished with 1-μm
alumina paste. This electrode was subjected to hydrogen cathodic charging in 1 M H2SO4 solution with 0.3 g/l of As2O3. Two
experiments were conducted with current densities of 30 and 300 mA/cm2. After charging for 24 h at room temperature, the
specimens were lightly polished with 1-μm alumina paste and then etched with Vilella's reagent (90 ml of ethanol, 10 ml of HCl, and
1 g of picric acid) and observed in a scanning electron microscope (SEM) equipped with energy dispersive x-ray analysis (EDX).

The electron backscatter diffraction (EBSD) measurements were carried out with an Oxford Channel 5 system attached to an FEI
XL-30 SEM operating at an acceleration voltage of 20 kV, sample tilt angle of 70°, working distance of 12 mm, and step size of 0.5 μm.
In the EBSD measurements, the grain orientations, grain boundary distributions, and Taylor factor were analyzed by the Oxford
Instruments Channel 5 and MTEX-Free and Open Source Software Toolbox [19]. Grain boundary misorientation in this study was
defined as (i) a dislocation tangle with point-to-point misorientation of less than 2°, (ii) LAGBs with misorientation between 2 and
15°, (iii) HAGBs with point-to-point misorientation greater than 15°, and (iv) special grain boundaries (∑ - CSL). Also, the deformation
texture was simulated through Taylor type models using HKL Technology Channel 5.

3. Results and discussion

Fig. 1 shows the SEM micrographs of the H900 specimens. A martensitic structure with hardness of around 496 ± 5 HV was
found in these samples. Moreover, a remarkable amount of Nb carbides were observed in this condition (Fig. 1b). The Nb carbides
were distributed throughout the martensitic lath boundaries and in the prior austenite grain boundaries. The formation of NbC
enhances the strength without significant loss of ductility and toughness [20]. Also, small and spherical niobium nitrides, (Nb, Ti)N,
are identified by EDX examination as illustrated in Fig. 2. Recently, Tavares et al. [21] studied the Nb carbides in H900 condition and
reported that this condition is not sensitized because of the low amount of chromium carbides in grain boundaries. However, it was
shown that NbC precipitations were not able to prevent IGC by applying a cathodic current in hydrogenation tests.

In order to study the effect of microstructure, inclusions, and grain orientations on IGC, the samples were subjected to hydrogen
cathodic charging in acid solution under two different current densities: 30 and 300 mA/cm2. Fig. 3 shows the polarization curve of
specimens in the same hydrogenation solution. In this curve, the open circuit potential (EOCP) was −0.42 VSCE and the potentials
corresponding to current densities of 30 and 300 mA/cm2 were −0.58 and −0.95 VSCE, respectively. These potentials were
maintained during the experiments on cathodic hydrogenation.

Fig. 4a and b presents micrographs of the samples just after cathodic charging with H2SO4 solution with the addition of As2O3 and
the application of current densities of 30 and 300 mA/cm2, respectively. The micrographs demonstrate that under both current

Table 1
Chemical composition of the 17–4 pH steel (wt%).

C Mn Cr Ni Si P S Nb Cu

0.029 0.82 15.67 4.22 0.30 0.022 0.016 0.166 3.320
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densities, the samples suffered from intergranular attacks, and the martensitic structure is highly susceptible to IGC. The
intergranular cracks and pores shown in these images are typical of hydrogen embrittlement (HE). The results showed a direct
relation between applied current density and IGC susceptibility, in good agreement with the findings of other researchers [22,23],
who have reported that increasing hydrogen-trapped solubility and decreasing diffusivity caused more hydrogen entrapment in steel
and boosted cracking susceptibility.

Fig. 4 shows the typical HIC crack propagation by joining of micro-cracks. It is worth mentioning that IGC susceptibility depends
on segregation bands and the size and morphology of inclusions. Segregation zones were not found in the samples, and thus their
effect could be ignored. It is well known that the presence of inclusions due to precipitation-hardening facilitates IGC cracking. On the
other hand, the defects and inclusions trap the atomic hydrogen, and since the hydrogen content reaches a critical value, the internal
stress due to recombination of two hydrogen atoms into a hydrogen molecule can initiate cracks without applying an external stress.
EDX examinations were carried out in some crack regions to determine the role of inclusions in IGC, and the results are presented in
Fig. 5. A typical MnS inclusion was found to be the nucleation site for crack formation.

Besides, in some regions, cracks nucleated and propagated without the presence of inclusions. Therefore, EBSD analyses were
carried out to find the correlations between IGC susceptibility, grain orientations, and grain boundary distributions in the vicinity of
cracks for both specimens. In this respect, normal-direction inverse pole figure (IPF) maps of different regions that were located far
enough apart to eliminate mutual effects were analyzed to study the cracked and uncracked regions in both samples. The related IPF
maps are shown in Fig. 6, and the LAGBs and HAGBs are identified by thin and thick black lines. Complex behaviors of crack
propagation during hydrogenation tests such as multiple crack nucleation sites, crack branching, stepwise crack propagation, and
crack arrest were observed in samples. This highlighted the importance of understanding the role of grain orientation in IGC

Fig. 1. SEM micrographs of the H900 specimens, (a) × 2000 and (b) × 10,000.

Fig. 2. EDX examination of small and spherical particles in H900 condition.
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corrosion. Intergranular cracks nucleated inside the grains oriented with {001}//ND (red color) are presented in Fig. 5a. In addition,
as shown in Fig. 5b, cracks also tended to propagate along boundaries associated with {100}//ND texture components. Poor
resistance to IGC corrosion would be obtained in the presence of grains oriented with {001} parallel to the normal direction.
Conversely, a reduction in its volume fraction and development of desired texture components with more corrosion resistance can
improve IGC resistance.

In order to evaluate the effect of grain orientations on enhancing and decreasing crack formation, the fraction of grain orientation
intensity in some main orientations was calculated with 2.5° deflection of the ideal orientation, as shown in Fig. 7. From the results, it
can be understood that in both regions (a) and (c) in which cracks propagated, the fraction of undesired {001} grains parallel to the
normal direction is dominant. Meanwhile, an increase in the number of grains associated with more dense planes such as {110},
{112}, and {111} parallel to the normal direction enhanced the IGC resistance. However, the effect of grains related to RD fibre
({110}//RD, rolling direction) and TD fibre ({110}//TD transverse direction) directions is not clear.

It is well-known that once a crack has nucleated, it tends to propagate along the weak grain boundaries [24]. As mentioned
earlier, the behaviour of a boundary against a crack tip depends on the crystallographic orientations of the neighboring grains
associated with the boundary. Although the IPF orientation map is an excellent method of presenting grain orientation, there is an
unavoidable limitation in the total Euler scheme [25]. To help compensate for this limitation the orientation distribution function
(ODF) was calculated and shown in Fig. 8 to find a correlation between crack behaviors and grain orientations.

The grain orientation analyses showed that grains oriented with {001}//ND texture fibre, especially in (001)[1−5−0], (001)[11−0],
and (001)[1− 1−0], were highly susceptible to IGC in both samples (Fig. 8a, c). The results are entirely compatible with the findings of
Venegas [26] and Schreiber [27], who studied the relationship between crystallographic texture and pitting corrosion. They reported
that the grains lying in the {001} direction parallel to the normal direction are highly susceptible to pitting corrosion. Moreover, the
formation of (112)[1−7−4] texture components is shown in Fig. 8c. In BCC structure, shear bands can form inside the grains because of
rearrangement by dislocation motion in {112} planes, corresponding to close-packed planes [28]. Thus, the crack branching and

Fig. 3. Polarization curve in 1 M H2SO4 solution with 0.3 g/L of As2O3 solution showing potentials corresponding to 30 and 300 mA/cm2.

Fig. 4. Micrographs of samples after hydrogenation with H2SO4 with As2O3 solution by applying current densities of a) 30 and b) 300 mA/cm2.
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Fig. 5. EDX analyses for inclusions in crack propagation.

Fig. 6. IPF maps for current densities of (a, b) 30 and (c, d) 300 mA/cm2.
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stepwise propagation which are shown in IPF maps are probably associated with this phenomenon. On the other hand, uncracked
regions in both samples after hydrogenation demonstrated a minimum number of grains with {001}//ND orientations, instead of
significant development in {112}, {111}, and {110}//ND fibres. The (112)[24−1] and (1−12)[201] components, as well as the {111}
and {110}//ND fibres, were dominant in these regions. As a consequence, higher IGC resistance was obtained in these regions.

Furthermore, it is believed that the intergranular cracks tend to propagate along the grain boundaries. It is well known that during
hydrogen charging, hydrogen atoms produced in the cathode are adsorbed on the surface. Part of the hydrogen is absorbed and

Fig. 7. Fraction of grain orientation intensity in main fibres.

Fig. 8. The related ODFs for current densities of (a, b) 30, and (c, d) 300 mA/cm2.
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diffused in the steel, where it can be trapped. The microstructure has a significant number of trapping sites such as inclusions and
HAGBs with high misorientation angles between adjacent grains, which may have higher hydrogen solubility [29]. In this regard, the
understanding of the behaviour of crack propagation in the case of different types of grain boundaries is essential. Grain boundary
distributions obtained with each IPF are shown in Fig. 9. It is observed that the volume fractions of dislocation tangles and HAGBs in
cracked regions in both samples are significantly higher than in the uncracked areas. It is worth mentioning that the EBSD technique
cannot detect dislocation, while the variation in the crystal orientation of an individual grain is brought about by stored dislocations
generated during recombination of nascent hydrogen into molecular hydrogen [30]. In general, dislocation tangles and HAGBs with

Fig. 9. Grain boundary distributions in samples under current densities of both cracked and uncracked regions after hydrogenation.

Fig. 10. Taylor factor maps for current densities of (a, b) 30 and (c, d) 300 mA/cm2.
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high stored energy and incompliant lattice arrangement enhance the high internal stress, facilitating crack formation. When the
internal stress reaches the critical amount, crack nucleation and propagation occur as shown in the cracked sample (Fig. 6a and c). On
the other hand, the higher fraction of LAGBs and CLS boundaries with low internal energy due to better compatibility between
adjacent grains observed in the uncracked regions led to improved IGC resistance in the sample.

The crystallographic analysis of EBSD maps led to other interesting microstructural interpretations regarding the prediction of
grain orientation resistance against hydrogen embrittlement state [31]. In this respect, the grains are categorized into three main
groups. In the first group, shown in blue color, the grains are already aligned in the stress corrosion state and favourable crystal
direction, which can easily provide enough slip systems for dislocation movement. These are considered as soft grains. The second
group comprises the grains that can arrange adequate slip systems by rotation in an appropriate direction. In the third and last group,
the hard grains with insufficient slip systems and conditions to rotate are indicated in red in Taylor factor maps [32,33]. As a
consequence, dislocation pileup and stress concentration develop, especially near the boundaries of these grains, leading to crack
formation. As mentioned earlier, the {001}//ND grains formed in the cracked sample were not able to provide enough slip systems.
Conversely, the grains oriented with {112}, {111}, and {110}//ND close to close-packed planes in BCC structure with a low Taylor
factor reduced the local plastic deformation by facilitating the dislocation movements and led to increases in crack resistance in this
specimen (Fig. 10). As shown in Fig. 10a and c, a high Taylor factor value due to high dislocation accumulation and insufficient slip
systems for dislocation movement provided a driving force for crack nucleation or facilitation of crack propagation. Meanwhile,
uncracked regions with a lower Taylor factor are not prone to IGC (Fig. 10b, d). Githinji et al. [34] also reported that a very low local
misorientation value due to low strain with low dislocation density causes the low Taylor factor. In other words, an increasing
contribution of multiple slip systems homogeneously distributed in the grains and at grain boundaries results in a higher uniform
elongation.

In order to verify the role of crystallographic orientations and grain boundary characteristics in IGC resistance, another sample of
the same material was solution treated at 1040 °C followed by ageing at 600 °C (1112 °F) for 1 h [35] (as the minimum temperature
required to reach the austenite phase). Then, the sample was subjected to hydrogen cathodic charging with a current density of

Fig. 11. (a) SEM micrograph, (b) normal direction IPF, (c) ODF, and (d) Taylor factor map of sample aged at 600 °C following hydrogen cathodic charging with a
current density of 300 mA/cm2.
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300 mA/cm2. Although the final microstructure was quite similar to the others, the specimen exhibited a significant improvement in
intergranular corrosion. The microstructure, normal direction IPF, Taylor factor map, and ODF analyses after hydrogen cathodic
charging are presented in Fig. 11. Grain orientations associated with TD fibre ({110}//TD) such as (112)[1− 1−1] and (110)[001]
components were predominant in this condition (Fig. 11c), which is near to the close-packed slip systems in a cubic lattice.
Calculation of the grain boundary distributions showed that the fractions of dislocation tangles and HAGBs changed to about
~20.32% and ~53.13%, respectively. This demonstrates that static recrystallization took place and new strain-free grains developed
in this condition. Moreover, the Taylor factor map (Fig. 11d) shows the significant low-Taylor-factor grain distributions in the final
microstructure, which means there is a uniform dislocation distribution, preventing the formation of local stress concentration and
increasing the IGC resistance.

4. Conclusions

Since the use of UNS 17400 martensitic stainless steel is common for applications requiring high strength and corrosion
resistance, improvements in corrosion resistance have always drawn attention. In this work, cathodic hydrogenation charging tests
with two different current densities were carried out in H900 condition to determine the role of microstructure and grain orientations
in intergranular cracking (IGC) susceptibility. Poor resistance to IGC was obtained in the presence of grains oriented with {001}
parallel to the normal direction. Then, hydrogen cathodic charging was carried out with the same solution heat treatment following
by ageing at 600 °C and yielded the same microstructure, with dominant grain orientations of {110} and {111}//ND, highlighting the
importance of crystallographic orientations in IGC. The results exhibited an excellent increase in IGC resistance. In addition, a very
low local misorientation value (low dislocation tangle) due to low strain with low dislocation density caused a low Taylor factor,
which improved the IGC resistance.
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