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ARTICLE INFO ABSTRACT

Keywords: The effect of grain orientations, boundary characteristics, and crystal effects on the crack for-
350 Maraging steel mation of a 350 high strength Maraging steel elbows exposed to hydrofluoric acid was in-
EBSD vestigated in the present research. Tempered low tetragonal martensite and fresh martensite

Kernel average misorientation

lor £ were characterized by scanning electron microcopy. Moreover, no segregation zone and pre-
Taylor factor

cipitates were found near the crack path. Detail analyzing the spatial distribution of crystal or-
ientations by electron backscattered diffraction technique revealed the development of two soft
and hard grains. Soft grains oriented approximately along {110} planes provide adequate slip
systems to promote dislocation mobility, indicating as low Taylor factor grains distributed well
the strain gradient. However, hard grains associated with low compact {001} planes decrease
dislocation mobility and increasing the strain accumulation. Micro-cracks initiation and propa-
gation along these high internal energy grains are expected consequently.

1. Introduction

The development of advanced applications of structural materials having superior mechanical properties (i.e., high strength and
toughness) and corrosion resistance for advanced applications was introduced in the study of Maraging steels by Bieber in the late
1950s [1]. The benefits of low carbon content in high nickel Maraging steels are guaranteed to spread the application of these steels,
regardless of the high price of the alloying elements. In addition, Jones et al. [2] and Li et al. [3] reported that in the iron-nickel
binary system, the austenite to martensite transformation is of a diffusionless type. Thus, martensite develops at all cooling rates.
High nickel Maraging steels with advanced high-strength (yield stress > 248 KSI (1700 MPa)) and low carbon content are already
widely used in high pressure/temperature systems. Solution annealing at temperatures about 760-870 °C, followed by rapid cooling
to achieve martensitic structure, and finally aging treatment in the range of 460-540 °C is a common heat treatment of Maraging
steel. Precipitates hardeners (such as NizMo, Ni3Ti, Ni3V, Fey(Mo,Ti), etc) formed during aging treatment are responsible for superior
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mechanical properties [4-8].

Although several metallurgical methods, such as altering solution and aging treatments time and temperature [3,5], controlling of
the chemical composition [4], avoiding the formation of segregation zones and precipitates growing [7], controlling the micro-
structure [9], and strain hardening [8,10] have been studied to increase fracture toughness and optimize the service life of appli-
cation in a server environment, these methods cannot eliminate totally undesirable failures. Therefore, in the last decade, a new
method based on crystallographic parameters (i.e., grain orientation, crystal misorientation, grain boundary types, and crystal de-
fects) was introduced to improve ductility and fracture toughness. Crack paths containing (crack initiation, trajectory, and tip) were
analyzed in several researches [11-13]. The results revealed that grains orientated along {001} planes parallel to normal direction
(ND) are highly susceptible for crack propagation. Blondé et al. [14] analyzed the accumulation of lattice plane strain in grains
oriented along specific {hkl} planes using in situ high-energy X-ray diffraction under uniaxial loading. They reported the gradual
increasing in elastic and yield response by means of the orientation dependence as a function of interatomic distance, i.e.,
Eao0)<Eqo2 < Eaqiny < Eaiz) < Eaqioy [15].

Electron backscattered diffraction (EBSD) is a powerful method for plasticity characterization and can be widely used in failure
analysis of polycrystalline materials. EBSD installed in a scanning electron microscope (SEM) can measure crystal orientation and
local strain gradient in the sample. As a general description, monochromatic electrons emitted from the SEM probe to the sample
form Kikuchi bands according to the diffraction criteria for the crystal [16,17]. EBSD detector is centered in the Kikuchi bands formed
by this technique, then, it can be analyzed to provide the high accuracy orientation of the diffracting crystal relative to the detector
[18]. The plasticity behaviour in polycrystalline materials can be controlled by dislocation multiplication and lattice distortion inside
the grain. Detailed EBSD misorientation analysis on the crack trajectory is an important procedure for the failure analysis of post-
mortem after failure [18].

In the present paper, microstructure and failure analysis were studied regarding a fractured 350 grade maraging elbow under
service in parts operating under stress in an environment with traces of hydrofluoric acid,. No evidence provided by common
micrograph studies was considered to explain early fracture. However, the importance of crystallographic analyses such as grain
orientation, crystal misorientation, grain boundary types, and crystal defects has been emphasized for failure analysis methods.

2. Material and methodology

A fractured elbow 350 grade Maraging steel under service in parts operating under stress in an environment with traces of
hydrofluoric acid in support of the molten salt reactor experiment conversion project was studied in the present research. The
chemical composition of the investigated material was measured using optical emission spectroscopy listed in Table 1.

A rectangular sample of about 10 X 10 X 2 mm was removed from the as-received sample, then ground to # 1200 to employ of
analyzing X-ray diffraction (XRD). XRD analysis was performed using a Philips X'Pert X-ray diffractometer using a Cu X-ray emitter at
40 kV and 45 mA. The diffraction peaks were obtained at the incident angle between 35 and 95°, with a step interval of 0.013° and a
scan rate of 0.5°/min.

Scanning electron microscopy (SEM) analyzing was conducted using a FEI Quanta 450 FEG on the surface plane of the in-
vestigated material. The samples were ground and polished following the standard metallographic preparation procedure, then, the
samples were etched with an ammonium persulfate ((NH4)2S20g) reagent to reveal the structure. Micro-Vickers hardness tests were
also performed according to ASTM C1327 on polished samples using a diamond indenter and 9.807 N loads for Vickers indentations
(HMV2 Series — Shimadzu Machine) with a dwell time of 15s. The average value was determined from ten indents of the sample.

Finally, electron backscattered diffraction (EBSD) measurements were performed on a field emission SEM (FEI XL30) operating at
an acceleration voltage of 20 kV, sample tilt angle of 70°, working distance of 12 mm and 0.3 pm step size. The HKL Technology
Channel 5 and MTEX software were used to analyze and display the EBSD data.

3. Results and discussion

Fig. 1 shows the SEM image by secondary electrons and XRD diffraction pattern of the investigated Maraging sample. Only body-
centered cubic martensite (a-BCC) was detected by XRD. This can be explained by low tetragonal BCC martensite developed in
Maraging steels because carbon atoms cannot occupy the octahedral positions in austenitic structure in low carbon content
(< 0.02%) steels [19-21]. In addition, SEM image shows distinct well-etched and less etched regions. Well-etched regions are
associated by tempered martensite formed under the first quenching. However, fresh martensite formed during the second quenching
with (slightly) higher carbon content because of carbon depleted due to carbon ejection from firstly martensite [22]. The hardness
and prior austenite grain size were measured as 650 + 25HV and 34 + 6 um, respectively. It is worth mentioning that the dis-
persion of fresh martensite through the very low tetragonal tempered martensite improved mechanical behaviour (increasing both
strength and ductility, simultaneous) [23,24].

Table 1

Chemical analysis of investigated samples (in wt%).
Ni Co Mo Ti Al Si C Fe
18.23 11.64 4.86 1.38 0.07 0.07 0.01 Bal.
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Fig. 1. (a) SEM micrographs and (b) X-ray diffraction pattern of high strength 350 Maraging steel.

Some microcracks that led to early failure were initiated and propagated through the investigated sample, and they are shown in
Fig. 2. Transgranular crack propagation is dominant in this sample, however, some intergranular crack propagations were also
observed. The crack nucleation mostly appears to be partly intergranular whereas propagation seems to assume mainly a trans-
granular pathway. Mohtadi-Bonab et al. [25] also reported the dominance of transgranular crack propagation manner due to a high
stress concentration factor because of formation of micro-shear bands. In addition, Zhu et al. [26] suggested that transgranular
cracking was associated with both microshear on the {111} planes and microcleavage mainly on the {100} planes, as well. Energy-
dispersive X-ray spectroscopy (EDS) analysis was carried out close to the cracks to characterize probable alloying segregation.
However, no evidence was found for micro-alloying segregation and the presence of precipitation to explain failure in this sample
(Fig. 3). Therefore, EBSD analyses were employed to explain the crack formation/propagation.

EBSD analyze was employed to characterize the influence of grain orientation and distribution of boundary types to reveal their
effects on enhance/prevent cracks propagation. The normal direction orientation images microscopy (OIM) in different regions (i.e.,
contained cracks and free-crack regions) is presented in Fig. 4. Low angle boundaries (LABs) are shown with thin lines. However, high
angle boundaries (HABs) corresponded to have higher dislocation densities and higher stored energy shown by thick lines. EBSD data
also revealed that both transgranular and intergranular crack propagations are responsible for the early failure of the specimen. The
crystallographic texture and grain-boundary engineering have been attracted a lot of attention to increase the hydrogen embrittle-
ment resistance by providing resistant paths for crack propagation. Mohtadi-Bonab et al. [27] reported that some dominant textures
(such as {111}, {112}, and {110} parallel to rolling direction) fibers might reduce the hydrogen embrittlement susceptibility by

Fig. 2. SEM micrograph of cracked regions of investigated sample.
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Fig. 3. EDS result of the elemental compositions in the vicinity of crack paths.

Fig. 4. OIM maps of different regions with/without cracks.

decreasing the number of both intergranular and transgranular paths. The formation of low energy boundaries such as coincidence
site lattice (CSL) boundaries and LABs can also increase the intergranular crack resistance [28]. Meanwhile, very fine intermetallic
precipitates in maraging steels (such as Ni3(Ti,Mo)) that play significant role in increasing the mechanical resistance by precipitation
hardening, avoid the formation of stress concentration and also act as obstacle for crack propagation [29].

Furthermore, the improvement in the crack resistant is notable in areas with higher number of LABs due to the higher density of
dislocations in martensitic structure. The grain boundaries or HABs formed as a result of recrystallization which enhances atoms
mobility and diffusion paths into solution, might accelerate the strain aging and crack nucleation [30]. Moreover, the strong cleavage
{100} parallel to normal direction formed as a result of recrystallization in these steels, deteriorating ductility [21]. On the other

382



M. Masoumi, et al. Engineering Failure Analysis 104 (2019) 379-387

Fig. 5. KAM maps of different regions with/without cracks.

hand, recovery releases the stored energy by dislocations annihilation and rearrangement providing subgrains accompanied with
secondary precipitation improving crack nucleation and/or propagation resistance.

Kernel average misorientation (KAM) analyze was measured to show the heterogeneous plastic deformation in every grain
[31,32]. KAM maps in different regions are shown in Fig. 5. KAM quantifies the average misorientation or local distortion of an
individual grain with respect to crystallographic changes inside the grain. The result showed that local deformation was concentrated
in the vicinity of crack paths. In contrast, the local deformation in free-cracked regions was well distributed among all grains. In other
words, local plastic deformation was concentrated at the crystalline defect, led to accelerating crack propagation. However, dis-
tribution of plastic deformation along various grains prevented the occurrence of localized plastic deformation. Grain boundaries and
crystallographic defects increase the number of tangles of immobile dislocations (dislocation piles-up), leading to increasing in-
stability by cumulative the stored energy.

Taylor introduced the classical plasticity theory to describe polycrystalline materials deformation at micron level [33,34]. It is
well-known that the plastic deformation of a material depends not only on the strain, but also depends on the stress state, strain
gradient, and grains orientation. Von Mises [35] assumes that at least five active slip systems are required to accommodate the plastic
deformation. In addition, according to Taylor factor each grain deforms individually in the manner of the polycrystalline aggregation
by respecting the deformation continuity through the grain boundaries [33,34]. Low Taylor factor grains are considered as soft grains
with relatively low indication of strain hardening and easy to deform. However, high Taylor factor grains as hard grains with high
indication of strain hardening, acts to be more resistant to deform plastically. On the one hand, high Taylor factor grains cannot
plastically deform, leading to promote lattice discontinuity at grain boundaries [36]. On the other hand, low Taylor factor (soft)
grains tend plastically deform without reorientation, while lattice incompliance and stress concentration increase at grain bound-
aries. Therefore, stress concentration at grain boundaries promotes crystallographic defects (such as microcrack) and provide easy
path to its propagation, Fig. 6a—c. In other words, dislocations generated during plastic deformation pass through the material and
piles-up due to the crystalline defect and orientation gradients (mismatch of slip directions at grain boundaries). Accumulations of
dislocations obstruct the motion of other moving dislocations, causing work hardening and strain concentration. Thus, these hard
grains finally fragment because of high localized strain concentration. However, soft grains with adequate activated slip systems
facilitate dislocation movements and impede dislocation accumulation, Fig. 6d-e.

Although OIM color maps present the variation of crystal orientations, it has an unavoidable limitation based on the Euler scheme
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Fig. 6. Taylor maps of different regions with/without cracks.

[37]. Therefore, to calculate the high orientation precision of orientation distribution in cracked and cracked-free regions, an inverse
pole figure (IPF) was calculated based on Kernel density estimation and presented as maps in Fig. 7. {012} crystallographic textures
were characterized in both regions. Hu [38] reported that these textures were developed during warm deformation due to the number
of slip and twinning systems with the low crystal symmetry, leading to the development of non-randomness of the grain orientations.
In contrast {113} crystallographic textures were dominant in the vicinity of crack path, however, {122} textures were developed in
non-cracked regions. Azar et al. [13] also reported the formation of {113} grains parallel to normal direction on the crack extension.
It was observed that {012}-{113} crystallographic textures have been arranged approximately 25.5° deviation from the {001}
textures, and the {012}-{122} have been arranged around the {110} texture with approximately 18.5° deviation. In BCC structure,
{011} planes are known as the most compacted planes with the nearest interatomic distance, leading to facilitate dislocation
movements by slip mechanism. Thereby, it could be explained the better local strain gradient and lower Taylor factor grains in non-
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Fig. 7. Inverse pole figure maps of (a) cracked and (b) non-cracked regions calculated from EBSD data.
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Fig. 8. Distribution of grain boundaries of two cracked and non-cracked regions calculated from EBSD data.

cracked areas. However, {001} planes are the least closed pack planes and the largest interatomic distance impede dislocation
motion, causing dislocation piles-up and increasing internal energy. Consequently, crack formation and early failure are expected.

It is well-known that the grain boundary character distribution in a material plays a significant role in mechanical properties due
to storage of array of dislocation or crystalline defects [31,39,40]. EBSD technique cannot detect crystal defects (such as voids,
dislocation, etc), however, this method can determined their effects on lattice distortion. LABs (low angle boundaries) are identified
by point-to-point misorientations of neighbouring crystals between 2 and 5°. Medium angle boundaries or subgrain boundaries
(MABs, point-to-point misorientations between 5° and 15°) and HABs (point-to-point misorientations > 15°) were determined, re-
spectively. To study the effect of the type of grain boundaries / misorientation on the susceptibility to crack propagation, grain
boundary misorientation was calculated from the average of cracked and un-cracked regions (3 areas, x 250) which were contained
around 187 grains. Fig. 8 shows the distribution of grain boundary types in two distinct regions with and without crack propagations.
A high fraction of LABs indicated a high number of dislocation tangles and accumulation of dislocation, which was settled at dis-
location walls, leading to increase the instability of lattice compliance. However, this lattice in-conformability could relieve due to
dislocation rearrangement and annihilation by recovering according to the dislocation mobility discussed earlier. It led to avoid
formation of strain localization, as a consequent, prevent crack initiation. Special boundaries with random boundaries act as LABs
with low internal energy played an ignorable role on crack formation in this sample.

In the present paper, microstructural features were analyzed using SEM, XRD, and EBSD technique conducted to show the
importance of grain orientation and grain boundary characteristics in severe environment. Although, detailed microstructure con-
taining the tempered low tetragonal martensite and fresh martensite were characterized by SEM. No microstructure and precipitates
correlation were found for crack initiation and propagation. EBSD revealed detailed information of final substructure, such as grain
orientation, grain boundary types, distribution of local strain gradient, and crystallographic defect. The results showed that the
development of grains approximate the most compact {110} planes promotes dislocation mobility by providing adequate slip sys-
tems, avoiding formation of strain concentration and micro-crack initiation. However, hard grains or high Taylor factor grains due to
low insulfficient slip systems, lead to increasing dislocation accumulation and lattice distortion. The formation of high number of LABs
with meaningful stored energy facilitates micro-crack initiation or provides preferred sites for crack propagation. The crystal-
lographic data analyses were obtained from EBSD data and discussed previously, summarized in Table 2.

Table 2
Summery of crystallographic data analyzing contained KAM, Taylor factor, and boundary distributions.
Parameter Description Cracked regions Non-cracked regions
Kernel average misorientation (KAM) Low Kernel (KAM < 1°) 53 =+ 5.0 15 = 3.0
Moderate Kernel (1° < KAM < 4°) 44 = 5.0 75 = 3.0
High Kernel (KAM > 4°) 325 7 £ 15
Taylor factor Low Taylor (TF < 1) 2.1 = 0.5 17.7 £ 2.5
Moderate Taylor (1 < TF < 3) 23.7 = 25 48.00 + 2.5
High Taylor (TF > 3) 74.2 = 3.0 343 = 25
Boundary distribution LABs (0-5) 64.0 = 2.5 335 *+ 25
MABs (5-15) 175 = 2.5 40.0 = 2.5
HABs (15-62) 14.0 = 25 23.0 = 2.5
CSL 5.0 £ 25 45 + 2.5
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4. Conclusions

Microstructure features were studied in a fractured elbow Maraging steel which was used in parts operating under stress in an

environment with traces of hydrofluoric acid. The aim of this work was to characterize the failure behaviour and show the im-
portance of crystallographic features on failure analyses. Following conclusions are summarized as follows:

Two martensite structure were characterized by SEM; (i) tempered low tetragonal martensite (well-etched area), (ii) fresh
martensite (less etched regions).

Grains oriented along {110} crystallographic texture with approximately 18.5° deviation can be provide adequate slip systems to
distribute dislocation and avoiding microcrack formation.

High Taylor factor value increased lattice incompliance increased dislocation piles-up, leading to initiation microcrack.
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