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Abstract: Secondary cracks are known to absorb energy, retard primary crack propagation and initiate
at lower loads than primary cracks. They are observed more often in hot-rolled than in hot-extruded
ODS steels. In this work, the microstructural factors responsible for this observation are investigated.
Better understanding of these factors can lead to tailoring of improved ODS steels. Fracture toughness
testing of two batches of 13Cr ODS steel, one hot-rolled and the other hot-extruded, was carried out.
The fracture behaviour of secondary cracks was investigated using scanning electron microscopy
(SEM) and electron backscatter diffraction (EBSD). Crystallographic texture and grain morphology
play a predominant role in preventing secondary cracks in hot-extruded ODS steels. At lower
temperatures, secondary cracks occur predominantly via transgranular cleavage. The fracture mode
changes to ductile and intergranular at higher temperatures.

Keywords: ODS steel; nanostructured ferritic alloys; fracture behaviour; anisotropy; secondary
cracking; delamination

1. Introduction

ODS steels are candidate materials for cladding tubes in advanced nuclear fission reactors and are
candidate structural materials for fusion devices. Nanostructured ferritic alloys (NFAs) are variants
of ODS steels consisting of finer microstructures, with Cr content more than 12 wt.%, nano-particles
in the size range of 1–10 nm and grain sizes in the sub-micron range [1–3]. Secondary cracks are
typical features indicating heterogeneous mechanical behavior and are often observed on the primary
fracture surfaces of these materials in certain orientations. The secondary cracks propagate in a
plane perpendicular to the primary crack plane and are formed due to constraint induced stress.
They may appear under certain conditions due to the phenomenon of delamination [4–8], also
known as splitting [4,6,9,10], which inhibits the primary crack propagation. The term delamination
was derived from composites where it meant separation of different composite layers through an
interfacial mechanism [11,12]. ODS steels possess different microstructural regions, which behave
like different layers of a composite. However, there is usually no sharp transition between these
microstructural regions.

Delamination can transpire in two configurations, the “crack-divider” and the “crack-arrester”
geometries, both associated with hot-rolled specimens as shown in Figure 1 [13]. Secondary cracks
seem to accompany delamination in certain sample orientations, such as L-T and T-L in hot-rolled
materials, which are classified as crack divider geometries [13]. Crack divider geometries have a specific
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primary crack propagation direction with respect to the anisotropic microstructure. These secondary
cracks divide the specimen thickness into sub-specimens (Figure 1a). The state of constraint near
the primary crack is relaxed which retards the primary crack growth. Crack arrestor geometry,
however, is associated with the L-S and T-S oriented samples in hot-rolled materials. In the crack
arrester geometry, delamination deflects the primary crack through 90◦ and the fracture mode changes
from mode I to mode II [4,14]. No secondary cracks are formed in the crack arrestor configuration
(Figure 1b). It is noteworthy, that in some publications, secondary cracking and delamination are used
as synonyms. In this work however, a clear distinction between the two is made. The delamination
geometries used for hot-rolled specimens like crack arrestor and crack divider are usually not used for
hot-extruded specimens.
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Figure 1. Schematic illustration showing the two most common splitting geometries for the (a) L-T and
the (b) L-S oriented specimen machined from a hot-rolled material [13].

It was reported that delamination, and the accompanied secondary cracking, can result in
increased energy absorption [8,14–16]. Despite this, secondary cracks can also lead to design problems
as they are known to initiate at lower loads than primary cracks [8,17].

In our previous work, the anisotropy of secondary cracks in the crack-divider geometry [13]
of hot-rolled 13Cr ODS steel was discussed along with its effect on primary crack propagation [17].
Hot-extruded 13Cr ODS steel specimen on the other hand, as reported previously in [18], exhibited
minor or no secondary cracking. Other works also corroborated that hot-rolled ODS steels exhibited
greater propensity to secondary cracking [4,5,9,15,19–21] than hot-extruded ODS steels [9,21,22]. It is
generally believed that weak planes are the primary cause for secondary cracks; however, the source
of weak planes remains a point of debate [5,22–24]. A clear understanding why hot-rolled specimens
experience greater secondary cracking than hot-extruded specimen is not known. Through this paper,
we aim to throw light on this aspect by comparing microstructural features such as grain morphology
and crystallographic texture of non-irradiated hot-rolled and hot-extruded materials.

Fracture toughness tests using miniature compact tension specimens (C(T)) of non-irradiated
hot-rolled and hot-extruded 13Cr ODS steels were performed from −100 ◦C to 700 ◦C in different
orientations. Scanning electron microscopy (SEM) was performed on primary and secondary crack
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fracture surfaces to reveal more information about the mode of fracture. SEM and electron backscatter
diffraction (EBSD) were used to investigate the bulk microstructure.

2. Materials and Methods

2.1. Material

The 13%Cr ODS steels were provided by Karlsruhe Institute of Technology, Karlsruhe, Germany
(KIT) in hot-extruded rod and in hot-rolled plate forms. The nominal composition of the material
was 13Cr1W0.3Ti0.3Y2O3. The main production steps for manufacturing the hot-rolled plate were
the following: mechanical alloying of the steel alloy and 0.3% Y2O3 powder in an attritor ball mill,
encapsulation of the powder, evacuation of the capsule and hot isostatic pressing at 1100 ◦C and
100 MPa and rolling at 1100 ◦C from a diameter of 80 mm to a plate of 8 mm thickness in 5 runs.
The main manufacturing steps for the hot-extruded rod were the following: mechanical alloying of the
steel alloy and 0.3% Y2O3 powder in an attritor ball mill, encapsulation of the powder, evacuation of
the capsule and hot-extrusion at 1100 ◦C. The reduction of 80 mm initial diameter to a 12 mm final
diameter rod resulted in an extrusion ratio of 44.4. Details of the production method for both the
materials can be found in reference [25].

For simplification, the terms ODS-KIT HR and ODS-KIT HE will be used throughout this work to
represent hot-rolled 13Cr ODS steel and hot-extruded 13Cr ODS steel from KIT respectively. The bulk
composition of the material can be found in reference [18].

2.2. Fracture Mechanics Specimens

Miniature compact tension C(T) specimen of 6.35 mm (0.25 T) thickness were machined from
the hot-rolled material while C(T) specimen of 4 mm thickness (0.16 T) were machined from the
hot-extruded material. The cutting schemes of the specimens along with the different orientations
can be seen in Figure 2 and were also reported in references [17,18]. All the C(T) specimens were
20% side grooved and fatigue pre-cracked at room temperature to a crack length to width ratio (a/W)
of 0.5 using a resonance testing machine. The nominal cyclic stress intensity at the end of fatigue
pre-cracking stage (Kend) was 14 MPa

√
m.
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2.3. Quasi-Static Fracture Toughness Testing

Quasi-static fracture toughness tests were carried out on small size C(T) specimens using the
unloading compliance method [26]. The unloadings were carried out with a 25% load drop and a
30 s relaxation time. Single tests were performed in air for ODS-KIT HE at temperatures of 22, 200,
400, 600 ◦C. For ODS-KIT HR, the same test plan as ODS-KIT HE was adopted with additional single
tests at −100 ◦C, 100 ◦C, 500 ◦C and 700 ◦C. The crosshead speed of the machine was 0.1 mm per
minute with unloading steps of 0.015 mm. The tests were stopped after approximately 1 mm crack
propagation and thereafter the specimens were heat tinted. The tests performed at or above 400 ◦C
required no additional heat tinting due to the high test temperature. The primary fracture surfaces
were revealed by breaking open the C(T) specimen after dipping it in liquid nitrogen. The initial
and the final primary crack lengths were measured at the fracture surfaces using optical microscope
according to the nine point standard ASTM method [27]. For the 0.16 T specimens (ODS-KIT HE), the
crack opening displacement (COD) measurements were performed on the load line using a contact
clip on gauge in the temperature range from RT to 200 ◦C. From 200 ◦C to 600 ◦C, a contactless video
extensometer was used at the front face. For 0.25 T specimens (ODS-KIT HR), front face displacement
measurement was performed at all temperatures. For all the front face displacement measurements,
the compliance and the displacement values were converted to the load line values [28]. There after
the evaluation was performed according to ASTM E1820-13 [27].

2.4. Microscopy

2.4.1. Basic Characterization

Electron backscatter diffraction (EBSD) was performed to obtain information about crystallographic
texture and grain distribution. The samples were polished using an oxide polishing suspension (OP-S)
consisting of amorphous silica, water and 1,3 butanediol. For EBSD, an accelerating voltage of 20 kV
and a working distance of 18 mm were used. The image resolution was fixed at 800 × 600 as a trade-off
between total image acquisition time and a sufficiently high degree of detail. The step size was varied
between 48 nm and 0.19 µm depending on the field of view. A large field of view was needed for basic
microstructure analysis to obtain a statistically large ensemble of grains while a small field of view was
required for crack propagation analysis. Inverse pole figure maps were acquired to identify the grain
size, morphology and orientation. Noting that the materials are ferritic and that high-angle boundaries
(as opposed to low-angle boundaries) generally play a dominant role in fracture [29], this study is
focused on high-angle boundaries and the minimum misorientation angle for the EBSD analysis was
arbitrarily fixed at 10◦. Inverse pole figures were also acquired for specific planes which indicate the
intensity of textures on these planes.

2.4.2. Fracture Surface and Crack Propagation

After fracture mechanics testing, few samples were cut in half though the thickness direction
(LT plane) to utilize them for primary crack propagation imaging (−100 ◦C) and have been published
elsewhere [17]. SEM was performed on all primary fracture surfaces after breaking the samples open.
In some cases, secondary cracks were observed on the primary crack plane. EBSD misorientation line
scan analysis was performed across such secondary cracks on subsequently polished planes either
parallel or perpendicular to the primary crack plane. It is possible to perform the misorientation line
scan with respect to the immediately previous point or with respect to the first measurement point.
It was decided to perform the line scan using the former as in order to obtain the misorientation across
a crack, we require the misorientation with respect to the previous point. The misorientation line scan
with respect to the immediately previous point exhibits sharp peaks when the orientation changes.
The magnitude of the peaks is the misorientation between two grains or across the crack. In other
cases, the secondary cracks were opened up for fracture surface investigations using SEM.
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3. Results

3.1. Basic Characterization of The Microstructure

Nano-particles in the size range of 1 to 10 nm are found in both the materials with their
spatial distribution being inhomogeneous [17,18]. The material contains zones of high and low
number density of sub-micron Ti-enriched particles. These particles have a mean size of 60 nm
and are preferentially arranged in lines parallel to the rolling (Figure 3a) [10] or extrusion direction
(Figure 3c) [15]. Additionally, in ODS-KIT HR, the sub-micron particles are also arranged in lines
parallel to the transverse direction (Figure 3b) [30]. Some holes in Figure 3 are slightly larger than
the holes induced by the fallout of particles and are most likely pre-existing pores in the material.
The pre-existing pores also seem to follow the same arrangement as particles.

Crystals 2018, 8, x FOR PEER REVIEW  5 of 18 

 

density of sub-micron Ti-enriched particles. These particles have a mean size of 60 nm and are 
preferentially arranged in lines parallel to the rolling (Figure 3a) [10] or extrusion direction (Figure 
3c) [15]. Additionally, in ODS-KIT HR, the sub-micron particles are also arranged in lines parallel to 
the transverse direction (Figure 3b) [30]. Some holes in Figure 3 are slightly larger than the holes 
induced by the fallout of particles and are most likely pre-existing pores in the material. The 
pre-existing pores also seem to follow the same arrangement as particles. 

 
Figure 3. Backscattered SEM images of OP-S polished surface showing aligned holes (encircled) 
formed after Ti-enriched particle fall out in ODS-KIT HR in the (a) LS plane and in the (b) TS plane 
together with the (c) longitudinal plane of ODS-KIT HE showing arranged Ti particle fall out in the 
longitudinal direction. 

Inverse pole figure Z maps, which provide information about the grain morphology and 
crystallographic texture, are shown for both materials in Figure 4. Fine-grained zones typically 
alternate with coarse-grained zones. A detailed statistical grain size analysis in terms of average 
grain size and grain aspect ratio (GAR) is presented in Tables 1 and 2 for fine and coarse grains, 
respectively. The coarse grains in ODS-KIT HR are ‘pancake’-shaped and have maximum 
arrangement and elongation of grains in the L direction followed by the T and S directions. ODS-KIT 
HE contains zones of ‘cigar’-shaped coarse grains (>3 µm). Both the individual coarse grains and the 
zones are elongated in the extrusion direction. The fine-grained zones in both materials exhibit 
similar shape and arrangement as the coarse-grained zones. A significant fraction of the fine grains 
are ultra-fine grains with sizes less than 1 µm. The GAR of the individual fine grains is smaller than 
the GAR for the coarse grains.  

Figure 3. Backscattered SEM images of OP-S polished surface showing aligned holes (encircled)
formed after Ti-enriched particle fall out in ODS-KIT HR in the (a) LS plane and in the (b) TS plane
together with the (c) longitudinal plane of ODS-KIT HE showing arranged Ti particle fall out in the
longitudinal direction.

Inverse pole figure Z maps, which provide information about the grain morphology and
crystallographic texture, are shown for both materials in Figure 4. Fine-grained zones typically
alternate with coarse-grained zones. A detailed statistical grain size analysis in terms of average
grain size and grain aspect ratio (GAR) is presented in Tables 1 and 2 for fine and coarse grains,
respectively. The coarse grains in ODS-KIT HR are ‘pancake’-shaped and have maximum arrangement
and elongation of grains in the L direction followed by the T and S directions. ODS-KIT HE contains
zones of ‘cigar’-shaped coarse grains (>3 µm). Both the individual coarse grains and the zones are
elongated in the extrusion direction. The fine-grained zones in both materials exhibit similar shape
and arrangement as the coarse-grained zones. A significant fraction of the fine grains are ultra-fine
grains with sizes less than 1 µm. The GAR of the individual fine grains is smaller than the GAR for the
coarse grains.
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Indicated GAR values are for coarse grains.

The Z plot of inverse pole figures in Figure 5a shows a high intensity of [001] for ODS-KIT HR,
which means that many grains are aligned with their <100> directions parallel to the normal of the
rolling plane (LT). This also means that {100} planes of the grains are parallel to the rolling plane. The Y
plot shows a high intensity of [101], which means that a large number of grains are oriented with
the <110> directions parallel to the rolling direction. This combination of {100} <110> with respect to
the rolling direction is called α fibre texture. For ODS-KIT HE, the Z plot in Figure 5b shows some
intensity of [111] and a minor intensity of [001] while the Y plot shows a very high intensity of [101].
Therefore, in ODS-KIT HE, a strong texture with grains oriented with the <110> directions parallel to
extrusion direction is observed, as also found for ODS-KIT HR, but the {100} planes of the grains are
not parallel to any specific plane.
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ODS-KIT HE.

Table 1. Grain size analysis for fine grains in ODS-KIT (from [17,18]).

Material Plane Mean Grain Size (µm) GAR Area Fraction (%)

HR TS (0.3–3 µm) 1 2 20.4
HR LT (1.4–10 µm) 3 1.6 27.3
HR LS (0.4–3 µm) 1.1 2 17.6
HE T (0.2–3 µm) 0.78 1.7 68.9
HE L (0.2–3 µm) 0.9 1.7 39.4

Table 2. Grain size analysis for coarse grains in ODS-KIT (from [17,18]).

Material Plane Mean Grain Size (µm) GAR Area Fraction (%)

HR TS (3–13 µm) 6 4 79.6
HR LT (10–91 µm) 21 3.3 72.7
HR LS (3–16 µm) 6 10 82.4
HE T (3–21 µm) 4.7 2.2 31.1
HE L (3–34 µm) 7.7 10 60.6

3.2. Fracture Toughness Tests

The fracture toughness in the strongest orientation (L-T for ODS-KIT HR and L-C for ODS-KIT
HE) is plotted against the yield strength at different temperatures and is presented in Figure 6a.
The fracture toughness is represented by JQ values which are provisional JIC values determined by the
intersection of the J-R curve with a 0.2 mm offset line. The fracture toughness values of ODS-KIT HR
and ODS-KIT HE were published in references [17,18] and are again presented in Table 3 Even though
the C(T) specimens from the two materials differed in size, it did not make an appreciable difference to
the fracture toughness measurement as the plastic zone in front of the crack tip was small enough in
comparison to the size of the specimen.

ODS-KIT HE exhibits overall higher fracture toughness than ODS-KIT HR in all the orientations
(Table 3 and Figure 6a) from RT to 400 ◦C. Both the materials have yield strength higher than 500 MPa
in this temperature range. Between 400 ◦C and 600 ◦C, both the materials lose fracture toughness
steeply and drop below the acceptable limit of JQ = 45 kJ/m2 (KJQ = 100 MPa

√
m) as discussed by

Byun et al. [31] (Figure 6a). The yield strengths of both the materials also sink below 500 MPa. Unstable
crack propagation was experienced by ODS-KIT HR in the T-L orientation at 200 ◦C, 400 ◦C and 500 ◦C
(suffixed with U in Table 3) while in ODS-KIT HE, it took place at RT in the C-R and C-L orientations.
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The load versus load line displacement graph at RT (Figure 6b) shows that the maximum load
reached for ODS-KIT HR is higher than ODS-KIT HE during the test. A higher maximum load means
higher main stress which results in a higher constraint induced stress experienced by the specimen.
However, the area under the graph is higher for ODS-KIT HE. The load versus load line displacement
curve for ODS-KIT HR at RT (Figure 6c) shows that the maximum load for the L-T orientation is
slightly higher than the T-L orientation. The area under the curve for the L-T orientation is also larger
than for the T-L orientation. The load versus load line displacement curve for ODS-KIT HE at RT
(Figure 6d) shows that the maximum load for the L-C and the C-R orientation are similar and higher
than for the C-L orientation. The area under the graph for the L-C orientation is the highest while
the area under the graph for the C-R and the C-L orientations are much lower (considering there was
unstable crack propagation in the C-R and the C-L orientations at RT).
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Table 3. Fracture toughness (JQ) values for ODS-KIT HE and ODS-KIT HR at various temperatures
(from [17,18]).

Temperature ◦C HE
JQ (L-C) kJ/m2

HE
JQ (C-R) kJ/m2

HE
JQ (C-L) kJ/m2

HR
JQ (L-T) kJ/m2

HR
JQ (T-L) kJ/m2

−100 - - - 49.2 45
22 486.27 97.26U 44.07U 78.2 28.4
100 - - - 45.6 15.8
200 488.52 146.17 107.54 43.4 19U
400 300.73 95.6 78.06 50.1 9.9U
600 19.69 4.04 0.95 17.1 6.5
700 - - - 12.9 5.8
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3.3. Primary Fracture Surfaces

The macroscopic images of the fracture surfaces of both the materials in all the orientations and at
various test temperatures are presented in Figure 7. The green region is formed due to heat tinting and
represents the primary crack growth region. Secondary cracks, growing in a plane perpendicular to
the primary crack plane and running ahead of the primary crack are observed in ODS-KIT HR as can
be seen from Figure 7a. This part of the figure was already published in [17] and is presented here
for comparison. For the L-T orientation, secondary cracks are observed at all temperatures. At higher
temperatures, the extent of secondary cracks decreases. For the T-L orientation, lesser secondary cracks
are observed. Unstable primary crack propagation occurred in the T-L orientation at 200 ◦C, 400 ◦C
and 500 ◦C, as was already mentioned.

In ODS-KIT HE, the primary crack propagated unstably in the orientations C-R and C-L at RT
(Figure 7b). Only minor secondary cracking is observed on the fracture surfaces of ODS-KIT HE in all
the orientations and at all temperatures. The periodic steps visible on the primary fracture surfaces
of C-R and C-L orientation at 200 ◦C and 400 ◦C are not secondary cracks but large dimpled regions
formed due to the anisotropy in arrangement of void inducing particles [30]. More details can be found
in the supplementary material. A partially arrested secondary crack is seen on the fracture surface of
the L-C oriented specimen at RT (Figure 8a). Figure 8b shows a higher magnification SEM image of
the same. More information about the primary fracture surfaces of both the materials can be found in
references [17,18].
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3.4. Secondary Fracture Surfaces

The secondary cracks were broken apart and investigated using SEM. Stereo-microscopic and
SEM micrographs taken for samples tested at different temperatures are summarized in Figure 9 for
the L-T orientation. The notch is on the right of all the images and the primary crack propagates
towards the T direction. Secondary cracks initiate at the TS plane and then propagate in the L (depth)
and the T (in-plane) directions. At RT, the presence of a predominantly cleavage fracture surface with
some regions of dimples is observed (Figure 9a–c). At 200 ◦C, dimples (Figure 9d–f) and at 600 ◦C,
nano-features without dimples are predominantly observed on the fracture surface (Figure 9g–i).
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Figure 9. Stereo microscope and SEM images of secondary crack fracture surfaces of ODS-KIT HR
at (a–c) RT, (d–f) 200 ◦C and (g–i) 600 ◦C for the L-T orientation. The notch is on the right of all the
images and the primary crack propagates towards the T direction. Secondary cracks initiate at the TS
plane and then propagate in the L (depth) and the T (in-plane) directions.
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3.5. EBSD Misorientation Analysis

EBSD IPF maps (X, Y and Z maps) of the TS plane (a plane parallel to primary crack plane and
containing a secondary crack) at RT and LS plane (a plane perpendicular to both the primary and
secondary crack planes and containing a secondary crack) at 600 ◦C for a L-T oriented specimens
are shown in Figures 10 and 11, respectively. Here the X, Y and Z maps, which belong to the same
secondary crack, reveal the complete information about the three dimensional grain orientations
across the crack. Three lines scans were performed for the crack at RT (Figure 10e) and two for the
crack at 600 ◦C (Figure 11d). The misorientation line scans with respect to the immediately previous
point indicates that at RT, there are several locations across the crack where the misorientation angle
changes by 5 degrees or less (line scans 1 and 2 in Figure 10). One such example (line scan 1) is
magnified in Figure 10d. There are also few locations, where the misorientation angle changes by more
than 15 degrees (line scan 3 in Figure 10a). At 600 ◦C, the locations of low misorientation across the
secondary crack (<5◦) are not observed and only high misorientations exists (Figure 11). The situation
was found to be similar for T-L oriented specimens.

With respect to the morphology of the secondary crack as seen from the side, the crack edges at
RT appear straighter with sharper features than at 600 ◦C. Similar sharp features were also observed
for other ODS-KIT HR specimens at similar testing conditions close to RT.
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Figure 10. Misorientation line scans across a secondary crack in an L-T oriented specimen of ODS-KIT
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magnified and (e) the corresponding misorientation versus distance graph is displayed.
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4. Discussion

The higher fracture toughness of ODS-KIT HE as compared with ODS-KIT HR (Figure 6a and
Table 3) stems predominantly from the grain morphology. Elongated coarse grains perpendicular
to the crack propagation direction leads to crack blunting which increases the fracture toughness in
certain orientations [17]. ODS-KIT HE has ‘cigar’ like coarse grains elongated only in one direction (the
extrusion direction) while ODS-KIT HR has ‘pan-cake’ like coarse grains elongated in two directions
(rolling and transverse directions). This results in lesser resistance to crack propagation in hot-rolled
specimens than in hot-extruded specimens which is reflected in Figure 6b showing lower ductility or
lesser area under the curve for hot-rolled than hot-extruded specimen.

It is worth mentioning that in this work, due to material and geometrical limitations, hot-rolled
specimens only with “crack-divider” geometries (L-T and T-L) were investigated which typically
have lower fracture toughness than hot-rolled specimens with “crack-arrestor” geometries (e.g., L-S
and T-S) [13]. However, the main focus of this paper is on secondary cracks, which can be clearly
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understood using the crack-divider geometry in hot-rolled specimens. The crack-arrestor geometry
induces no secondary cracks. For hot-extruded specimens, the terms crack divider and crack arrestor
are typically not used.

4.1. General Factors Affecting Secondary Cracking

Secondary cracks form in a similar fashion as primary cracks, by cleavage fracture at low
temperatures and by void growth and coalescence in the ductile regime. Ashby [32] had suggested
that, void nucleation due to particle-matrix decohesion occurs when a critical stress is reached at the
particle-matrix interface. For ductile fracture, when the constraint induced stress (σc) exceeds the
critical stress for void nucleation (σf) in a particular plane, secondary cracks appear (Equation (1)).
σf can also be referred to as the critical stress for particle cracking in case of cleavage fracture at
low temperatures.

σc > σf (1)

Both these competing stresses can be affected by the microstructural anisotropy in the material.
The three main microstructural anisotropic factors which affect secondary cracking are the same factors
which affect primary crack propagation [18]. These factors are:

• Particle anisotropy: Particles are arranged in the direction of the rolling/extrusion and hence
facilitate crack propagation by cleavage or by void growth and coalescence depending on the
test temperature.

• Crystallographic anisotropy: Due to the <110> texture induced in the direction of the
rolling/extrusion, the shear modulus with respect to the longitudinal direction is different from
the isotropic transverse direction.

• Grain morphology anisotropy: Coarse grains are elongated in the direction of the
rolling/extrusion which results in crack blunting when the propagating crack is obstructed
by the perpendicularly elongated coarse grains.

The following sub-sections discuss if the same anisotropic factors are important for the present set
of materials and if yes, to what extent. In the end, a comparison is made and how secondary cracking
differ in hot-rolled and hot-extruded materials is explained.

4.2. Understanding of Secondary Cracking in Hot-Rolled ODS Steels

4.2.1. Effect of Crystallographic Texture

For ODS-KIT HR, the secondary cracks propagate through the LT plane in both the L-T and
T-L oriented specimens (Figure 2a). In terms of crystallographic orientation, ODS-KIT HR possesses
an α fibre texture of {100} <110> (Figure 4a–c). It was reported that for body-centered cubic (BCC)
polycrystalline materials with such texture, the material does not deform axisymmetrically but tends
to deform by plane strain under uniaxial tensile stress along the <110> direction [4]. As a result of this,
tensile stresses in {100} planes (parallel to the rolling plane LT) and compressive stresses in {110} planes
(parallel to the rolling direction) are generated [33,34] which have an absolute value in the order of 1/5
and 1/3 of the material flow stress respectively [35,36]. In a BCC crystal, the most preferable cleavage
planes are the {100} planes. Therefore at low temperatures, the tensile stresses arising from the plane
strain condition cleave the {100} planes, aligned parallel to rolling plane (Figure 5a). As the secondary
crack planes (LT planes in Figure 2a) are parallel to the cleavage planes, secondary cracks appear [37].

At higher temperatures (ductile regime), it was reported that void growth and coalescence is
preferred in the <110> direction which helps secondary crack formation towards the rolling direction
(L) [38]. The arrangement of Ti enriched sub-micron particles along the rolling and transverse directions
also helps in void growth and coalescence (Figure 3a,b) [30]. Pre-existing pores and microcracks
elongated in the direction of the rolling direction additionally contributes to secondary cracking, as
reported in reference [14].



Crystals 2018, 8, 306 14 of 18

4.2.2. Effect of Grain Morphology

It was reported that the anisotropic grain morphology predominantly affects the primary crack
propagation [18]. The effect is the same for secondary crack propagation. The coarse grains are
elongated in the L and T directions, the former more than the latter, leading to less crack blunting and
easier crack propagation in these directions. The secondary cracks propagate through the ultra-fine
grains similar to primary cracks as was reported in reference [17]. For the secondary crack propagation
in the L-T specimen, the crack must propagate in the L (depth) and in the T (in-plane) directions
(Figure 2a). For the T-L oriented specimens, the directions inter-change but the fracture plane remains
the same (LT). The crack now propagates in the T direction (depth) and L direction (in-plane). As crack
propagation in these directions are less obstructed (due to less crack blunting), the critical fracture
stress σf is low for the LT plane and crack blunting is less pronounced. The constraint induced
stress σc is high enough to overcome the critical fracture stress in both the orientations (Equation (1)).
Thus, ODS-KIT HR in the L-T and the T-L orientations is majorly affected by secondary cracking.
The higher constraint induced stress in the L-T orientation (Figure 6c) results in more pronounced
secondary cracking in the L-T orientation as compared with the T-L orientation [17].

4.2.3. Fracture Mechanisms

Secondary cracks initiated earlier than the primary cracks [8,17] at lower loads due to the ease
of crack propagation in the secondary crack plane than in the primary crack plane [17]. To further
explore the fracture mechanisms associated with secondary cracking, EBSD misorientation line scans
were performed across a secondary crack lying on a plane perpendicular to the secondary crack plane.
Results indicate that the secondary crack was sometimes transgranular (low misorientation angle <5◦)
(line scans 1 and 2 in Figure 10) and sometimes intergranular (high misorientation angle >5◦) (line scan
3 in Figure 10) at RT while always intergranular at 600 ◦C (Figure 11). The low angle misorientations
hint to the possibility of either or both transgranular cleavage and transgranular ductile fracture
mechanisms. The presence of both cleavage and dimpled fracture is confirmed by SEM images of
the secondary crack surface at RT (Figure 9a–c). Regions of flat cleavage facets mixed with regions of
shallow dimples indicate local variations in the stresses during crack propagation. The fact that the
side view of the secondary crack has predominantly sharp edges (Figure 10), suggests the preference of
cleavage over ductile fracture at low temperatures. Regions of high misorientation angles at RT indicate
intergranular fracture and possibly originate due to grain boundary segregations as was reported
in other works [5,22,24,39]. The ratio of shear to bulk modulus also plays a role in the preference of
intergranular over cleavage fracture [40]. Due to the elongated coarse grains, intergranular fracture
with typical sharp facets was not observed on the fracture surfaces. Existence of dimples (Figure 9d–f)
on the fracture surface at the test temperature of 200 ◦C indicates that the material is already in
its ductile regime. The high angle misorientations at a test temperature of 600 ◦C (Figure 11) are
observed due to intergranular fracture caused by grain boundary sliding or grain matrix deformation
phenomena as reported in a previous work [41]. The side view of the crack does not exhibit sharp
edges at 600 ◦C (Figure 11) and exhibits nano-features on the secondary crack surface (Figure 9g–i)
confirming a change of fracture mechanism from transgranular to intergranular fracture.

4.3. Understanding of Secondary Cracking in Hot-Extruded ODS Steels

For hot-extruded materials, the constraint induced stress is the highest in the L-C oriented
specimens. This is due to the high main stresses in the L-C orientation (Figure 6d) as a consequence
of the higher primary crack blunting (higher fracture toughness) in this orientation [18]. In the L-C
orientation, the primary fracture plane is the CR plane (Figure 2b). The secondary crack initiating on
this plane will propagate in the C (in-plane) and L (depth) directions. Void nucleation and growth
in the ductile regime is easiest along the extrusion direction (L) due to arrangement of sub-micron
particles [18]. <110> crystallographic texture with respect to the extrusion direction (Figure 4d,e) [38]



Crystals 2018, 8, 306 15 of 18

and UFG zones elongated in the extrusion direction also aid the crack propagation in the L direction [18].
Due to these reasons, the secondary crack can grow easily in depth (L) direction but, finds it difficult
to propagate in the in-plane (C) direction. As secondary crack propagation in both directions is
inter-dependent, this results in a large critical fracture stress (σf) on the CL plane. The high constraint
induced stress (σc) in the L-C orientation (Figure 6d) is only partially able to overcome it at some
locations (Equation (1)). As soon as a secondary crack forms, σc drops below σf, arresting the secondary
crack. Partially formed secondary cracks are therefore arrested in the in-plane (C) direction (Figure 8).
At low temperatures, transgranular cleavage should dominate, but only a few grains with {100}
cleavage planes parallel to secondary crack planes are observed. This is due to the general symmetry
of hot-extruded materials where grains with {100} cleavage planes are distributed uniformly around
the extrusion axis. Therefore, cleavage fracture for secondary cracks is prevented up to a relatively low
temperature as compared with ODS-KIT HR.

In the C-R orientation, the constraint induced stress (σc) is similar to that of the L-C orientation
(Figure 6d). The primary fracture plane is the RL plane (Figure 2b). The secondary crack initiating on
this plane will propagate in the R (in-plane) and the C (depth) directions. Secondary crack propagation
is difficult in both these directions as there is no preferential alignment of sub-micron particles or
ultra-fine grains along these directions and there is also no preferential crystallographic orientation
along these directions. Hence the critical fracture stress (σf) for secondary cracks is the highest for the
RL plane. The constraint induced stress σc cannot exceed the high σf and no secondary cracks are seen
(Equation (1) is not fulfilled).

In the C-L orientation, the constraint induced stress is lower as compared with the L-C orientation
(Figure 6d). The primary fracture plane is the LR plane (Figure 2b). The secondary crack initiating on
this plane will propagate in the L (in-plane) and the C (depth) directions. Crack propagation is easier
in the in-plane L direction but difficult in the depth C direction. The critical fracture stress (σf) is low
in the C-L orientation but due to the lower constraint induced stresses (σc), Equation (1) is not fulfilled
and no secondary cracks are formed.

4.4. Comparison

Previous works confirm that the hot-extruded materials have lesser propensity to secondary
cracking than hot-rolled materials [9,10,21,22,42]. The difference in secondary cracking between
ODS-KIT HR and ODS-KIT HE originates from the following factors:

Crystallographic texture: In ODS-KIT HR, the {100} cleavage planes, which assists cleavage
fracture at low temperatures, are parallel to the rolling plane. This is the same plane where the
secondary cracks operate. This is not the case in ODS-KIT HE, where due to the manufacturing process,
the {100} cleavage planes are uniformly distributed around the extrusion axis. The <110> texture in the
direction of rolling/extrusion on the other hand, affects both the materials similarly.

Grain morphology: In ODS-KIT HR, the critical fracture stresses for secondary crack initiation are
lower due to two dimensional anisotropic grain elongations in the rolling and the transverse direction.
This favours free crack propagation in two directions which coincides with the directions of secondary
crack propagation. In ODS-KIT HE, only one dimensional anisotropic grain elongation in the direction
of extrusion exists which is unable to support pronounced secondary cracking.

Particle distribution: The sub-micron particles responsible for void growth and coalescence in the
ductile regime are arranged in the rolling/extrusion direction for both the materials. In ODS-KIT HR,
the sub-micron particles are also arranged along the transverse direction providing additional support
for the secondary crack formation (Figure 3b). This effect is in synergy with the effect by anisotropic
grain morphology [30].

Additionally, the constraint induced stress in ODS-KIT HR is higher than in ODS-KIT HE
(Figure 6b). This is because the ODS-KIT HR specimens are thicker (0.25T C(T)) than the ODS-KIT
HE specimens (0.16T C(T)). The higher the constraint induced stress is, the higher the possibility of
secondary cracking is. Hence, overall, hot-rolled materials are more prone to secondary cracking than
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hot-extruded materials. The consequence of partial or no secondary crack formation in hot-extruded
specimen is unstable primary crack propagation induced by transgranular cleavage which was
observed in the C-R and C-L orientations at RT. In hot-rolled specimens, secondary cracks prevent
unstable crack propagation at low temperatures as reported earlier [17].

Which of the above mentioned factors is dominantly responsible for pronounced secondary
cracking in ODS-KIT HR depends on the testing temperature with respect to the ductile to brittle
transition temperature (DBTT) of the material. At test temperatures lower than the DBTT, the
{100} cleavage planes play a dominant role. At test temperatures above DBTT, the anisotropic
grain morphology plays a major role while anisotropic particle distribution provides only a minor
contribution [18].

It must be noted however, that impact testing to determine the DBTT could not be performed
since a large amount of material was unavailable. Small punch tests (SPT) were used alternatively to
investigate the DBTT and the results confirmed that ODS-KIT HE had a higher DBTT than ODS-KIT
HR. A comparative study will be published in the future. It is noteworthy however, that SPT only
gives an indication about the comparative DBTT of the materials and cannot be directly compared
with the traditional Charpy V notch DBTT values.

5. Conclusions

• At temperatures below the DBTT, the occurrence of secondary cracks in hot-rolled materials
is assisted by the {100} cleavage planes which are aligned parallel to the rolling plane.
In hot-extruded materials, these {100} cleavage planes are distributed uniformly around the
extrusion axis, therefore not assisting secondary cracking.

• At temperatures higher than the DBTT, secondary cracking is more frequent in hot-rolled than in
hot-extruded materials as the critical fracture stresses in secondary crack planes are lower due to
the two dimensionally anisotropic elongated ‘pan-cake’ shaped grains which allows free crack
propagation in two directions. In hot-extruded materials, the one dimensional ‘cigar’ like grain
morphology with grains elongated in the direction of extrusion only allows free crack propagation
in one direction and hence does not assist secondary cracking as much.

• Sub-micron particle arrangement in two directions assists secondary cracking more in hot-rolled
material than one dimensional sub-micron particle arrangement in hot-extruded material.

• The constraint induced stress in hot-rolled materials is higher than in hot-extruded materials
which also assists a higher degree of secondary cracking.

• In ODS-KIT HR at RT, secondary cracking arise predominantly through transgranular cleavage
and intergranular fracture possibly due to segregations at the grain boundaries. Between RT
and 600 ◦C, secondary cracking occurs through transgranular ductile fracture and at or above
600 ◦C, secondary cracking occurs through intergranular fracture due to the weakening of the
grain boundaries.
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