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fatigue crack tip, interacting with pre-existing dislocations
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ABSTRACT

The dislocation pattern at the tip of a non-propagating fatigue crack in an Fe-25Cr-1N steel (mass%)
was characterized by electron channeling contrast imaging. Planar dislocation arrays on two differ-
ent slip planes were observed at the crack tip. Each planar dislocation array acts as a barrier to the
motion of the other planar dislocations on different slip planes, contributing to the enhancement of
the resistance to the crack propagation.
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ECC imaging enables dislocation-resolved microstructure characterization at a steel; planar dislocation array

vicinity of a non-propagating fatigue crack

» ] L .8
Case study of HNS. Dislocation pile-up in the grain interior owing to Lomer-
Cottrel sessile dislocation assists occurrence of fatigue crack non-propagation.

IMPACT STATEMENT

This paper employs ‘electron-channeling-contrast-imaging (ECCI) in scanning electron microscope’
technique to visualize fatigue crack tip dislocations in high nitrogen steel, and it showed highly
planar dislocations interacting with pre-existing dislocations assisting non-propagating fatigue

crack.

1. Introduction

The occurrence of the dislocation motion at a fatigue
crack tip plays a crucial role on the crack growth. Specif-
ically, the motion of a crack tip dislocation controls the
work hardening in the vicinity of the crack tip [1], forma-
tion of compressive residual stress at the crack wake [2],
and plastic deformation of the crack tip [3]. For instance,
the dislocation planarity strongly affects these factors,
which can be utilized for improving the fatigue crack
resistance. The dislocation planarity has been recognized
to be controlled by a reduction in the stacking fault
energy [4,5] and formation of a Cr-N atomistic interac-
tion in austenitic steels [6]. In particular, our previous
study revealed that the dislocation planarity associated
with the Cr-N interaction positively enhances the crack
resistance [7]. However, the nature of the effects of the
crack tip dislocation on the crack resistance has not been

clarified yet. This is due to the fact that the microstructure
observation at a crack tip indeed requires crack length-
specific, microstructurally local, stress-concentrated, and
dislocation-resolved characterization techniques.

A strong candidate for this purpose is electron
channeling contrast imaging (ECCI). ECCI enables the
observation of large region [8,9], identical [10,11], and
dislocation-resolved [12-14] microstructures in a bulk
specimen. In addition, the availability of the bulk spec-
imen is expected to have a direct correlation with the
replica method that has been used for fatigue crack
growth observations. In this study, we describe the poten-
tial of ECCI for the inspection of crack tip dislocations
in a high-nitrogen austenitic steel as a case study. Then,
we discuss the nature of the effects of the crack tip dislo-
cation on the fatigue crack resistance by combining the
ECCI results with replica images.
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2. Experimental procedure

Two steel compositions were used in this study, that is,
Fe-25Cr-1N and Fe-18Cr-14Ni (mass%). The detailed
chemical composition of each steel is listed in Table 1.
Specimens of the Fe-25Cr-1N steel were prepared by
solution nitriding, using Fe-25Cr mass% alloy with a
single ferrite phase as base material. An ingot of the Fe-
25Cr base material was produced by induction melting in
vacuum, followed by homogenization at 1473 K, and hot-
rolling to produce a 10-mm-thick plate. The specimens
required for the fatigue and tensile tests were cut from the
ingot and solution nitrided at 1473 K for 86.4 ks under
a nitrogen atmosphere at 0.1 MPa, followed by water
quenching to ensure that no austenite decomposition or
nitride precipitation occurred upon cooling. As coarse-
grained high nitrogen steels can exhibit brittle intergran-
ular cracking, a grain refinement was carried out on the
solution nitrided specimens in two stages [15]. The spec-
imens were first subjected to isothermal heat treatment
at 1173 K for 0.42ks, followed by re-austenitization at
1473 K for 0.3 ks, and subsequent water cooling. The ten-
sile properties of the Fe-25Cr-1N steel have been reported
to improve as a result of grain refinement [15]. The
Fe-18Cr-14Ni ingot was prepared by vacuum induction
melting, forging, and groove rolling at 1273 K. The hot-
rolled bar was then solution treated at 1273 K for 1 h, fol-
lowed by water quenching to suppress the uncontrolled
formation of second phases and segregation.

Rectangular dogbone-shaped tensile specimens of
both steels with a 30-mm gauge length, 4-mm width, and
1-mm thickness were cut by electrical discharge machin-
ing (EDM), and tensile tests were conducted on three
specimens at room temperature and at an initial strain
rate of 1073 s 1.

The fatigue test specimens, shown as an inset in
Figure 2, were cut by EDM, and the damaged layer was
subsequently removed by mechanical and electrochemi-
cal polishing. In this study, a special emphasis is placed
on the resistance to the fatigue crack propagation rather
than the crack initiation. Therefore, in order to observe
the crack propagation behavior under threshold stress
conditions, an artificial flaw was introduced at the cen-
ter of the specimen, as shown in the inset in Figure 2.
The artificial flaw was introduced using a combination of
drilling and focused ion beam milling. Each fatigue test

machine at room temperature, with a stress ratio of —1
and frequency of 30 Hz. The fatigue cracks were observed
using an optical microscope with the aid of the replica
technique.

The specimens after the fatigue test for ECCI were
mechanically polished by colloidal silica long enough
to remove the affected layers. ECCI was carried out
in a Zeiss Smart SEM V06.00. The conditions used to
observe the dislocation substructures from bulk samples
are, accelerating voltage 30 kV, probe current of 10 nA,
working distance of 3 mm, and a solid-state 4-quadrant
BSE detector.

3. Results and discussion

The engineering stress—strain curves of the Fe-18Cr-14Ni
and Fe-25Cr-1N steels are illustrated in Figure 1. The
Fe-25Cr-1N steel showed a higher work hardening and
tensile strength than the Fe-18Cr-14Ni steel. The 0.2%
proof stress, tensile strength, and elongation are listed in
Table 2. The increase in the yield strength of the Fe-25Cr-
IN steel can be mainly attributed to the solid solution
and the grain boundary hardening that occurs when the
N is in the interstitial solid solution [17,18], as well as
to the grain refinement of the Fe-25Cr-IN steel [15].
Furthermore, a superior work hardening capability has
been reported to stem from the dislocation planar glide
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Figure 1. Engineering stress—strain curves of the Fe-18Cr-14Ni
and Fe-25Cr-1N steels.

Table 2. 0.2% proof stress, tensile strength, and elongation of the
Fe-25Cr-1N and Fe-18Cr-14Ni steels.

specimen was fixed on a round bar with the jig config- Steel 0.2% Proof stress Tensile strength Elongation
ured as reported in our previous paper [16]. The fatigue  Fe-25Cr-1N 950 MPa 1200 MPa 41%
tests were performed in a rotating bending fatigue test ~ Fe18CrT4Ni 290 MPa 520 MPa 20%
Table 1. Chemical compositions of the materials used in this study (mass%).

Steel Ni Mn Cr Si C P S N 0 Al Fe
Fe-25Cr-1N - <0.01 254 0.03 0.002 0.006 0.0005 1.0 0.0036 0.039 Bal
Fe-18Cr-14Ni 146 <0.001 18.8 <0.001 0.002 <0.001 0.0014 - - - Bal




associated with the Cr-N coupling [19]. The dislocation
planarity is also expected to enhance the resistance to the
fatigue crack growth.

Here, we present the fatigue limits of two austenitic
steels with and without nitrogen. In this study, the stress
amplitude, which does not result in failure at 2 x 107
cycles, is referred to as the fatigue limit. According to the
rotating bending fatigue tests, the fatigue limits of the Fe-
18Cr-14Ni and Fe-25Cr-1N steels were measured to be
100 and 275 MPa, respectively. Normally, the difference
in fatigue limit could be explained by the tensile strength;
the ratio between the fatigue limit and the tensile strength
for the Fe-18Cr-14Ni and Fe-25Cr-1N steels was 0.19 and
0.23, respectively. These values indicate that the fatigue
limit of the Fe-25Cr-1N steel is higher than that of the Fe-
18Cr-14Ni steel. In fact, as demonstrated later, the high
fatigue limit of the Fe-25Cr-1N steel originates from the
occurrence of non-propagating fatigue cracks. Therefore,
as similarly reported in a previous work [7], the reason for
the higher fatigue life associated with the crack propaga-
tion resistance is expected to arise from the enhancement
of the dislocation planarity due to Cr-N solute interac-
tions. As mentioned in the introduction, we attempted
to provide microstructural image-based evidences for
the contribution of the dislocation planarity to the crack
resistance using ECCI coupled with the replica technique.

As mentioned above, the most important factor for
understanding the improvement of the fatigue limit is the
occurrence of non-propagating fatigue cracks (Figure 2).
Although the crack length in the Fe-18Cr-14Ni steel
continuously increased until 2 x 107 cycles, the Fe-25Cr-
IN steel showed that a crack stopped to propagate after
the crack initiation at the fatigue limit. Figure 3(a,c)
demonstrate the non-propagating crack phenomenon in
the Fe-25Cr-1N steel at 275 MPa. The crack propagated
upto 1 x 107 cycles (Figure 3(a,b)), after which the crack
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length was constant until 2 x 107 cycles (Figure 3(b,c)).
In contrast, the crack in the Fe-18Cr-14Ni steel at
100 MPa propagated on both sides of the hole with slip
bands around the crack, and the crack length continu-
ously increased, as shown in Figure 3(d-f). The reason
for the crack length being constant in the Fe-25Cr-1N
steel could be attributed to the nitrogen-enhanced dis-
location planarity resulting in the dislocation pile-up at
the crack tip. Therefore, the dislocation pattern at a tip of
a non-propagating crack is a key for the enhancement of
the fatigue limit.

In order to examine the underlying mechanism of
non-propagating fatigue cracks in the Fe-25Cr-1N steel,
ECCI experiments were carried out to visualize the dis-
locations at the tip of the non-propagating fatigue crack.
Figure 4 shows the ECC images of the Fe-25Cr-1N steel
at the crack tip corresponding to the crack tip shown in
Figure 3(c). In the ECC images, when the surface crys-
tallographic orientation is optimized for the Bragg’s con-
dition, the backscattered electron intensity is minimized.
Therefore, the orientation-optimized grain appears as a
dark contrast, and the dislocation is imaged as a bright
contrast owing to its elastic field [14,20]. In the set
of images in Figure 4, the surface is inclined to show
the surface orientation of the grain where the crack
tip exists, reaching the Bragg’s condition. Figure 4(a)
exhibits an overview of the ECC images showing the dis-
location structure at the non-propagating fatigue crack
tip. The ECCI successfully resolves the respective dislo-
cations even near the crack tip, and clearly demonstrates
highly planar dislocation arrays. It should be noted that
the fatigue crack stops after passing across the grain
boundary. In terms of dislocation planarity, the most
important role would be played by the dislocation pile-up
stress, which prevents the crack opening. In general, the
evolution of the dislocation pile-up stress requires an
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Figure 2. Fatigue crack length plotted against number of cycles.
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Figure 3. (a—c) Replica images of the Fe-25Cr-1N steel during the fatigue test at 275 MPa, (d-f) replica images of the Fe-18Cr-14Ni steel
at 100 MPa. The red dashed lines indicate the positions of the crack tips. The insets are magnified images of the regions in correspondence
of the crack tips.

Al
Loading
direction

Figure 4. Electron channeling contrast (ECC) images of the Fe-25Cr-1N steel: (a) Dislocation structure at the crack tip corresponding to
the crack tip outlined by the red dashed lines in Figure 3(c), (b), (c), and (d) magnified images of the regions outlined by the dashed
lines in Figure 4(a) and (b). The blue and yellow arrows indicate the prevention of the dislocation motion at the intersections of two slip
systems for each location shown in Figure 4(c and d). The normal and tensile direction (//RD) in the grain surrounding the crack tip are
[205] and [512] respectively.

obstacle against a leading dislocation on the planar array.  the crack passes across a grain boundary, since the dis-
A typical obstacle is the grain boundary. However, the  tance between crack tip and grain boundary is maxi-
grain boundary effect is minimized immediately after ~ mized. Therefore, to evolve the dislocation pile-up stress,



another microstructural obstacle is required. At the level
of the microstructural obstacle, the activation of two slip
systems was noted. Figure 4(c) shows a magnified image
of a location from Figure 4(b). The dislocation motion
is impinged at the dislocation plenary array existing on
another slip plane, as indicated by the light blue arrows. In
order to produce a clearer view of the interaction between
the dislocations with different slip planes, images of dis-
locations that occur slightly far from the crack tip are
shown in Figure 4(d). The spacing between the piling-
up dislocations decreases upon reaching the intersection
point of dislocations with different slip planes, which
indicates that the dislocation pile-up stress acts on the
piling-up dislocations because of the impingement of the
planar dislocation motion. Here note that the disloca-
tions shown in Figure 4(d) are extended significantly.
Specifically, the dislocations along (111) and (111) are
dissociated as follows.

a — a - a -
5(111)[011] — g[112] + g[121], (1)
a — a_ —-- a —
5(111)[110] — g[211] + 8[12 ]. (2)

The leading partials in Equations (1) and (2) react with
each other:

a.- a. —- a -
—[112] + 6[211] — 6[101]. (3)

6
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The a/6 [101] dislocation lying on (010) is immobile,
namely, Lomer-Cottrell reaction occurs. The Lomer—
Cottrell sessile dislocation prevents further motion of
dislocations. In high-nitrogen austenitic steels, the for-
mation of Lomer—Cottrell sessile dislocations has been
recognized to be a major mechanism of work hardening
[19,21]. Hence, the nitrogen in austenitic steels plays a
dual role in assisting the crack closure. First, the nitrogen
enhances the dislocation planarity, which induces a high
pile-up stress on each crack tip dislocation. The pile-up
stress can be estimated by the following equation:

( G 1 )
T=———]n (4)
27(1 —v) X

where G is shear modulus, b is Burgers vector, v is Pois-
son’s ratio, X is the distance between dislocations, and n
is the number of dislocations. Based on the dislocation
spacing marked by the white arrow in Figure 4(d), num-
ber of dislocations are counted to be 10; therefore, the
pile-up stress was estimated to be 50 MPa. The pile-up
stress is significant compared with the remote stress, and
it increases the shear stress required for a new disloca-
tion emission from the crack tip. Second, an interaction
between the planar dislocation arrays on the two dif-
ferent slip planes causes formation of Lomer—Cottrell
sessile dislocations. The formation of Lomer-Cottrell

Figure 5. Electron channeling contrast (ECC) images of the Fe-18Cr-14Ni steel: (a) Dislocation structure at the crack tip corresponding
to the crack tip outlined by the red dashed lines in Figure 3(f), (b and c) magnified images of the regions outlined by the dashed lines in

Figure 5(a) and (b).
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sessile dislocations enables the pile-up stress evolution
even when the crack tip position is far from the grain
boundaries. As a result, the nitrogen enhances the resis-
tance to the crack propagation and associated fatigue
limit.

In addition, ECCI was performed to visualize the
dislocations at the crack tip of the Fe-18Cr-14Ni steel.
Figure 5 shows the ECC images of the Fe-18Cr-14Ni steel
at the crack tip corresponding to the crack tip shown
in Figure 3(f). Figure 5(c) shows that the dislocations at
the crack tip tangled each other and cellular type of dis-
locations was formed. In contrast, the Fe-25Cr-1N steel
showed planar dislocations at the crack tip (Figure 4(a)),
due to nitrogen-enhanced dislocation planarity. There-
fore, the Fe-25Cr-1N steel showed a higher fatigue limit
and non-propagating fatigue crack phenomena.

4. Conclusions

In this study, dislocation arrays specifically occurring at a
tip of a non-propagating fatigue crack in a high-nitrogen
austenitic steel could be observed by using ECCI cou-
pled with the replica technique. The dislocations at the
crack tip are highly planar, and its motion is strongly
impinged by the planar dislocation arrays on another slip
plane. The dislocation pile-up stress associated with the
high planarity and impingement might assist the non-
propagation of the fatigue crack, which is one of the
crucial reasons for enhancing the fatigue limit of high
nitrogen steels.
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