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Abstract

ODS steels have been known to exhibit anisotropic fracture behaviour and form secondary
cracks. In this work, the factors responsible for the anisotropic fracture behaviour have been
investigated using scanning electron microscopy and electron backscatter microscopy. Frac-
ture toughness of hot rolled 13Cr ODS steel was determined using unloading compliance
method for L-T and T-L orientations at various temperatures. L-T orientation had higher frac-
ture toughness than T-L orientation and also contained more pronounced secondary crack-
ing. Secondary cracks appeared at lower loads than primary cracks in both orientations. Pri-
mary crack propagation was found to be preferentially through fine grains in a bimodal mi-
crostructure. Grains were aligned and elongated the most towards rolling direction followed
by T and S directions resulting in fracture anisotropy. Crystallographic texture and preferen-
tial alignment of Ti enriched particles parallel to rolling direction also contributed towards
fracture anisotropy.
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Highlights

e Primary crack propagation was preferentially through fine grains

e Crack propagation was easier along rolling direction due aligned and elongated grains
e Secondary cracks initiated at lower loads than primary cracks

e Secondary cracks retarded and stabilized primary crack growth

e Fracture anisotropy depends on crystallographic texture and alignment of Ti enriched

particles along rolling direction



1 Introduction

Oxide dispersion strengthened (ODS) steels are candidate materials for fuel cladding tubes in
Gen-IV nuclear fission reactors [1] which are manufactured using cold pilgering process. De-
spite having good high temperature strength [2,3] and irradiation swelling resistance [4],
ODS steels suffer from considerably higher ductile to brittle transition temperatures (DBTT)
and poor fracture toughness values as compared to ferritic martensitic (F/M) steels [5].

Anisotropic fracture behaviour, both in terms of primary and secondary cracking has been
observed for various hot rolled and hot extruded ODS steels [5-14] . The explanation for this
anisotropic fracture behaviour has been a point of debate. Byun et al. [9] reported de-
bonding of oxide coated aggregates of grains formed in the canning process after milling
while others [11,15-17] have mentioned segregation of carbides and oxides at grain bound-
aries promoting inter-granular fracture along elongated grains.

Secondary cracks propagate in a plane perpendicular to the primary crack plane and are
formed due to a triaxial stress state. Secondary cracks, also sometimes described as splitting
[6—8,18] or delamination [8,11,18,19], are a striking feature often observed on fracture sur-
faces of tensile [7,9,10,20,21], Charpy impact [6,8,11-13] and fracture toughness compact
tension (C(T)) specimen [5,14] from ODS materials tested close to room temperature (RT).
This phenomenon has also occasionally been observed in some non-ODS steels, e.g. low car-
bon steels [18,19] and F/M steels [22,23], however, it appears to be less common.

Beneficial cracking behaviour which enhances the fracture toughness can be obtained if the
exact knowledge of the influence of primary and secondary crack on fracture toughness with
respect to anisotropic microstructure is known. In this work, we have studied the effect of
anisotropic microstructure on primary and secondary crack propagation in a hot rolled 13Cr
ODS steel. Hot rolling is a commonly used post processing technique for manufacturing thin
plates which produces similar anisotropic elongated microstructural features as cold pil-
gering. Fracture toughness tests using small scale C(T) specimen were performed in the
temperature range from -100°C to 700°C in L-T and T-L orientations. It was sufficient to se-
lect these two orientations in order to exploit the microstructural anisotropy of the hot
rolled plate. Electron back scatter diffraction (EBSD) was used to investigate primary crack
propagation in both orientations. Scanning electron microscopy (SEM) was performed on
primary crack fracture surfaces to reveal more information about the mode of fracture. Sec-
ondary cracks in terms of their frequency of occurrence and depths in L-T and T-L oriented
samples were compared. Finally, an explanation for anisotropic fracture behaviour was pro-
posed.

2 Materials and methods

2.1 Material

A 13%Cr ODS steel hot rolled plate was provided by Karlsruhe Institute of Technology, Ger-
many (KIT). The chemical composition of the material is given in Table 1. The main produc-
tion steps were: mechanical alloying 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. Details of the pro-
duction can be found in [24].



Table 1: Chemical composition of the investigated ODS alloy (wt.%)
Cr W Ti Y,03 C Ni N
13.1 1.11 0.151 0.3 0.21 0.09 0.01

2.2 Fracture mechanics specimens
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Fig. 1 Cutting scheme for L-T and T-L oriented specimen

Miniature compact tension C(T) specimen of 6.35 mm (0.25T) thickness were machined from
the 8 mm plate in two orientations, L-T and T-L. The cutting scheme of the specimens can be
seen in Fig. 1. 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 MPavm.

2.3 Quasi-static fracture toughness testing

Quasi-static fracture toughness tests were carried out on small size C(T) specimens in L-T and
T-L orientation using the unloading compliance method [25]. The unloadings were done with
25% load drop and 30 s relaxation time. Single tests were done at -100, 22, 100, 200, 400,
500, 600 and 700 °Cin air. The crosshead speed of the machine was 0.1 mm per minute with
displacement steps of 0.015 mm. The tests were stopped after about 1 mm crack propaga-
tion and thereafter the specimens were heat tinted. 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 [26]. The crack opening displacement (COD) measure-
ments were done on the front face using a contact clip on gauge from Sandner (EXRC3-10) in
the temperature range from -100 °C to 200 °C and using a contactless video extensometer
(model NG, Messphysik version 6.6.0.0) from 200 °C to 700 °C. As the 0.25T specimens had
front face geometry, the compliance and displacement values had to be post converted to
load line values [27]. Thereafter the evaluation was performed using ASTM E1820-13 [26].
Interrupted fracture toughness test were performed on a T-L oriented specimen and loaded
in the elastic range.

2.4 Tensile tests

Tensile tests were performed at Karlsruhe Institute of Technology, Germany. Miniature cy-
lindrical tensile test specimens, with gauge length parallel to rolling direction, were tested at



temperatures varying from 20 °C to 700 °C. The gauge length and diameter were 7 mm and 2
mm, respectively. The tests were performed in air with a test velocity of 0.1 mm/min.

2.5 Microscopy
Basic characterization

Bulk samples were polished using polycrystalline diamond solution down to 1 um and then
etched (50ml distilled water, 15 ml hydrochloric acid, 2.5 g Iron (lll) chloride). Scanning elec-
tron microscopy (SEM) was performed (Zeiss EVO 50) on etched bulk samples using an ac-
celerating voltage of 15 kV, 2.6 A filament current, probe current of 200 pA and working dis-
tance of 11 mm at various magnifications ranging from 50X to 10000X. Energy dispersive X-
ray spectroscopy (EDS) was performed on etched samples using a higher spot size (probe
current: 1000 pA) with a working distance of 18 mm to identify precipitates and inclusions.
Back scattered mode in SEM was used on OP-S polished samples (10-30% amorphous silica,
50-70% water, 5-20% 1,3 butanediol) to obtain grain contrast and information about particle
alignment. Electron back scatter diffraction (EBSD) was performed on OP-S polished samples
using Zeiss NVision 40 SEM to obtain information about crystallographic texture and grain
distribution. A step size varying from 48 nm to 0.19 um was used with a pixel resolution of
800 X 600 (20 kV accelerating voltage and 18 mm working distance). The exposure time var-
ied from 7 to 12 ms. A misorientation angle of 10° was chosen to identify high angle grain
boundaries during grain distribution analysis. Bright field TEM images were taken at KIT. Par-
ticle size analysis was done using thresholding on approximately 2000 particles to calculate
the feret diameters of nano-particles.

Fracture behaviour

EBSD was used to investigate primary crack propagation. After the fracture mechanics tests,
the side surfaces of C(T) specimens which included the propagated primary cracks, were OP-
S polished and investigated using EBSD. Stereoscopic microscope imaging (Nikon SMZ-U) was
done on all fractured surfaces for macroscopic images. SEM was performed on all fracture
surfaces for higher magnification images. Optical microscopy (Leica REICHERT MEF4) was
done on polished planes perpendicular to secondary crack planes to measure secondary
crack depths.



3 Results

3.1 Basic characterization of the microstructure

The average oxide particle size was found to be 3.8 nm by TEM analysis (Fig. 2). Ti enriched
particles aligned parallel to the rolling direction were found using EDS on an etched sample
(Fig. 3a). Some pre-existing cracks were also observed elongated towards the rolling direc-
tion. The backscattered image in Fig. 3b confirms the alighnment of Ti enriched particles along

rolling direction. OP-S polishing resulted in fall out of the particles leaving behind voids of
the same size.
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Fig. 3 SEM images showing Ti enriched aligned particles (encircled) found by EDS on etched surface along with

some pre-existing cracks (a) and Back scattered image of OP-S polished surface showing aligned holes formed
after Ti enriched particle fall out (b)



TS plane LS plane

Rolling
direction

GAR:3.3

Fig. 4 Grain distribution map of TS, LT and LS planes (10° maximum misorientation angle). A schematic repre-
sentation (below) of the hot rolled material with ‘pancake shaped’ elongated grains (not to scale). Indicated
GAR values are for coarse grains
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Fig. 5 A schematic illustration of main stress and constraint induced stress in C(T) specimens in (a) L-T orienta-
tion and (b) T-L orientation indicating primary and secondary crack planes
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Fig. 6 Inverse pole figure Z maps in TS, LT and LS planes

It was found using EBSD grain size distribution analysis, that the grains were ‘pancake’
shaped and had maximum alignment and elongation in L direction followed by T and S direc-
tions (Fig. 4). The GAR for fine grains was smaller than coarse grains (Table 2). A detailed
statistical grain size analysis in terms of average grain size and GAR is presented in Table 2
and Table 3 for fine and coarse grains respectively. Areas of elongated grains were replaced
by circular equivalent areas to calculate the grain sizes. The boundary between fine and
coarse grains was chosen by selectively highlighting different size ranges and their coverage
over the microstructure. The crystallographic texture map (Fig. 6) shows that the grains were
preferentially orientated in <110> direction parallel to the rolling direction. The fine and the
coarse grained regions both had similar texture. It was also observed that {100} cleavage
planes (depicted by red colour) arranged themselves parallel to the rolling plane (LT plane)

(Fig. 6).



Table 2 Grain size analysis for fine grains

Plane Mean grain size GAR Number Area fraction
pum fraction %
%
TS(0.3-3 um) 1 2 93.6 20.4
LT (1.4 -10 um) 3 1.6 96.1 27.3
LS (0.4 - 3 um) 1.1 2 93.3 17.6
Table 3 Grain size analysis for coarse grains
Plane Mean grain size GAR Number  Area fraction
pum fraction %
%
TS(3-13 um) 6 4 6.4 79.6
LT (10 - 91 um) 21 33 4.8 72.7
LS (3-16 um) 6 10 7.4 82.4
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Fig. 7 Yield strength (Ry0) and Ultimate tensile strength (R,,) (a) as well as total elongation (b) variation with
temperature for longitudinal miniature tensile tests

The yield strength, the ultimate tensile strength and the total elongation are plotted against
temperature are shown in Fig. 7. The material has a yield and ultimate tensile strength of
664 MPa and 777 MPa respectively at RT. The strength decreases with increase in tempera-
ture. The total elongation goes down gradually to a minimum value of 19.3% at 400 °C.
There is a ductility maximum at 600 °C after which the ductility decreases sharply.



3.3 Fracture toughness tests
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Fig. 8 Comparison of L-T and T-L oriented specimen using (a) Jq values at various temperatures (b) crack growth
versus load line displacement and (c) load versus crack growth

Fig. 8a shows the comparison between L-T and T-L oriented samples tested at various tem-
peratures from -100 °C to 700 °C using Jq values (provisional Jic values determined by the
intersection of the J-R curve with 0.2mm offset line) (Table 4). The energy release rate for
elastic-plastic material, J integral, is proportional to the fracture toughness of a material. As
expected, a general trend of decreasing fracture toughness (expressed in terms of Jg) with
increasing temperature is observed for both orientations. In L-T orientation, with the excep-
tion of RT, the fracture toughness is quite similar up to 400 °C after which a rapid decrease
was observed. T-L orientation exhibited a decrease in fracture toughness with increasing
temperatures up to about 400 °C. The fracture toughness of L-T orientation was higher than
that of T-L orientation at all temperatures. The T-L oriented samples tested at 200 °C, 400 °C
and 500 °C encountered unstable crack propagation (suffixed with U in Table 4).



Table 4: Fracture toughness values in both orientations at various temperatures
Temperature Jq(L-T)  Jo(T-L)

°C kJ/m? kJ/m?
-100 49.2 45
22 78.2 28.4
100 45.6 15.8
200 43.4 19U
400 50.1 9.9U
500 31.6 13.3U
600 17.1 6.5
700 12.9 5.8

3.4 Fracture surfaces

Secondary cracks

Primary crack
growth region

Fig. 9 Stereo microscope images of fractures surfaces at different temperatures and orientations. The primary
crack growth region of T-L orientation at 200 °C, 400 °C and 500 °C are not clearly visible due to unstable crack
propagation

® Rolling direction Rolling direction

Fig. 10 SEM images of fracture surfaces at RT showing equi-axed dimples in (a) L-T specimen and flat dimples in
(b) T-L specimen



Fig. 11 Interrupted fracture toughness test on T-L specimen. Arrows indicating presence of secondary cracks
even before growth of primary crack

Fig. 9 shows the macroscopic stereographic images of the fracture surfaces of L-T and T-L
specimen. The green region is the heat tinted non-uniform primary crack growth region.
Secondary cracks, growing in a plane perpendicular to primary crack plane and running
ahead of the primary crack were observed. Primary crack growth was retarded at regions
where secondary cracks grew resulting in its irregular shape. The ASTM nine point method
suggests no more than 0.05B (where width of C(T) specimen B = 6.35 mm) deviation of the
individual crack measurements from the average final measured crack length. This condition
was not fulfilled due to the irregular nature of the primary crack and hence only a provision-
al J value (Jg) could be determined.

Secondary cracks were observed up to 600 °C in L-T oriented specimen. However, they dis-
appeared rather quickly in T-L oriented samples above 100 °C. At 200 °C, 400 °C and 500 °C,
T-L oriented specimens experienced load drops in the elastic region during testing (Fig. 9).
Secondary cracks were also observed on the primary crack plane in the interrupted fracture
toughness test. The secondary cracks initiated even before primary crack growth occurred
(Fig. 11).

Fig. 10a and b shows higher magnification pictures of fracture surfaces of L-T and T-L orien-
tation respectively at room temperature. L-T fracture surface was marked with equi-axed
dimples whereas flat dimples were observed in T-L orientation.

3.5 EBSD for primary crack propagation

EBSD grain distribution analysis was done on the side surfaces of C(T) specimen (in both ori-
entations) containing the primary crack. The primary crack was perpendicular to the aligned
and elongated grains in L-T orientation while it was parallel to them in T-L orientation (Fig.
12a and b). In both L-T and T-L orientation, the primary crack branched out in a direction
parallel to rolling direction (L direction) (Fig. 12c - f).



. . - % A
Fig. 12 EBSD grain distribution map of (a) L-T and (b) T-L specimen showing primary crack growth with respect
to aligned and elongated grains. Images (c-f) show the magnified regions from images (a) and (b) indicating
crack branching

3.6 Secondary crack depths

Secondary crack depths of L-T and T-L specimen tested at 100°C were measured using opti-
cal microscope after polishing the LS and TS plane, respectively, at every 0.5 mm secondary
crack length. Cumulative crack depths (including all secondary cracks) were measured (Fig.
13). The secondary crack depths were not constant over the length of the secondary crack
and reached a maximum at 2.5 mm secondary crack length. It was seen that the number and
cumulative depth of secondary cracks in L-T were greater than in T-L orientation. The inte-
gral of the curves in Fig. 13c represent one half of the total fracture surface area formed for
all secondary cracks.
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Fig. 13 Optical microscope image showing secondary crack depths after 2.5 mm secondary crack extension at
100 °Cin a) L-T and b) T-L specimen. c) Shows the graph between cumulative secondary crack depth and sec-
ondary crack length for both orientations

4 Discussion

4.1 Anisotropic primary crack propagation

The fracture toughness of L-T oriented samples was generally found to be higher than that of
T-L oriented samples (Fig. 8a) which was in accordance with previous works [6,13]. The dim-
ples found on T-L oriented fracture surface (Fig. 10b) were frequently flat, large and elongat-
ed. Similar flat regions were also reported elsewhere [5,15]. This can be expected typically
for materials with very low ductility. The L-T oriented fracture surfaces contained equi-axed
and deeper dimples, typically expected for ductile materials (Fig. 10a). Low ductility in T-L
orientation is supported by Fig. 8b which plots the crack growth versus the load line dis-
placement (LLD) for both orientations at different temperatures during fracture toughness
testing. For the same LLD, the crack growth is larger in T-L as compared to L-T specimen at
various temperatures due to lower ductility.

In the brittle regime (-100 °C) , both the primary crack propagation planes in L-T and T-L ori-
ented specimens (TS and LS planes respectively) were perpendicular to the {100} cleavage
planes which were aligned parallel to the rolling plane (LT plane) (Fig. 6). Therefore they
didn’t get any assistance towards primary crack propagation. In the ductile regime (> RT)
however, crack propagation occurred through void growth and coalescence (Fig. 10). It was
found in [28] using simulation of a bcc single crystal that void growth and coalescence was
easiest in <110> direction. As most grains had a <110> texture towards rolling direction (L
direction) (Fig. 6), primary crack propagation in the ductile regime was easiest in this direc-
tion.

The aligned Ti enriched particles (Fig. 3) also contributed to anisotropic fracture behaviour.
Trans-granular dimple formation, which was quite often observed on fracture surfaces (Fig.
10), were a result of void growth and coalescence originating from these Ti enriched parti-
cles. The alignment of these particles parallel to rolling direction meant easier crack propa-
gation via dimple formation along rolling direction. Thus T-L oriented samples (primary crack
propagation towards L direction) had lower fracture toughness than L-T oriented samples.
The ODS steel had bimodal microstructure which was elongated due to hot rolling (Fig. 4).



Many of the fine grains, especially less than 1 um could be classified as ultra-fine grains
(UFGs) [29]. The mechanical properties of UFGs are different from that of coarse grains with
respect to strength and deformation capability. Coarse grains have lesser strength and are
able to deform much more than fine grains as dislocations can interact with each other with-
in the grains forming dislocation cells. UFGs have a lower deformation capability as disloca-
tions assemble and rearrange themselves at grain boundary reaching saturation [10,29-31].
This is associated with hardening leading to a higher yield stress with evolving plastic strain.
The crack propagation in the C(T) specimens preferentially followed the fine grained region
(Fig. 12). During loading of C(T) specimen, the coarse grains reached their yield point first
and deformed plastically. The fine grains reached their yield point next, but could not plas-
tically deform much, thus initiating voids which assisted the primary crack to propagate. Sim-
ilar fracture behaviour for a non ODS bimodal alloy was seen in [30].

The primary crack propagation in T-L specimen (in L direction) had a relatively free path (Fig.
12b) through the fine grains (aligned in L direction) and did not face obstruction from the
coarse grains which were elongated parallel to the rolling direction (L direction) and had a
GAR value of 10 in the LS plane. The primary crack propagation in L-T specimen (in T direc-
tion) was less assisted by fine grains (aligned parallel to rolling direction) and coarse grains
which had a GAR value of 4 in the TS plane. The primary crack in L-T specimen was actually
blunted by the coarse grains, which were elongated more towards L direction than towards
the T direction (Fig. 12a). Similar mechanism was also seen in [30]. Crack branching in the
fine grains was observed to be aligned in a direction parallel to the rolling direction in both L-
T (Fig. 12c and d) and T-L orientations (Fig. 12e and f).The dissipation of energy by crack
branching is more in L-T than in T-L orientation as the crack has to deviate more from its
original path (along primary crack). This energy dissipation by branching inhibits the primary
crack propagation. The energy required to propagate primary crack in L-T oriented specimen
was therefore more than in T-L oriented specimen resulting in higher fracture toughness.

4.2 Anisotropic secondary crack propagation

Secondary cracks were seen on the fracture surfaces of both orientations as they had the
same plane (LT plane in Fig. 5). Secondary cracking was also reported in other studies
[9,11,15,16]. They seem to be a common feature of certain sample orientations, such as L-T
and T-L investigated here, classified as crack divider geometries [32]. Crack divider geome-
tries have a specific crack propagation direction with respect to the anisotropic microstruc-
ture, which results in secondary cracks dividing the specimen thickness into sub-specimens
[8]. Contrary to the primary crack, no fatigue pre-crack was available for the initiation of
secondary cracks. Therefore, the initiation of secondary cracks must have occurred through
micro-cracks or through de-cohesion of Ti enriched particles with the matrix, lying on the
primary crack plane.

In this context, it is interesting to note that the secondary cracks initiated earlier than the
primary cracks at lower loads. They appeared early during testing, even before primary crack
growth (at a low J value of 14 kJ/mZ) as seen from Fig. 11. This early initiation was due to the
ease of crack propagation in secondary crack plane (LT) than in primary crack plane (TS plane
for L-T and LS plane for T-L) (Fig. 5). In the rolling direction (L), as mention in section 4.1,
preferential alignment of elongated fine and coarse grains along with Ti enriched particles
were observed. Hence it was easier for the crack to propagate along L direction followed by
T and S directions. The LT plane contained both L and T directions as compared to only one
elongated direction L or T in LS or TS plane, respectively.



It was also found that {100} cleavage planes facilitated secondary cracking in certain orienta-
tions [33]. In the brittle regime, in both L-T and T-L orientations, the secondary crack plane
was the same (LT plane) which contained the {100} cleavage planes aligned parallel to rolling
plane (Fig. 6). Therefore both orientations had equal assistance from {100} cleavage planes
towards secondary crack formation. In the ductile regime, void growth and coalescence was
easier towards <110> direction (L direction) as compared to T direction [28].

The secondary crack propagated both perpendicular and parallel to the primary crack direc-
tion (LT plane in Fig. 5). The primary crack growth was retarded near the secondary cracks
due to the reduction of the local driving forces which originated due to a shift to plane stress
condition from a plane strain condition. This increased the overall fracture toughness which
was similar to the results obtained experimentally as well as by 3D finite element computa-
tions in another work [34]. It was evident from the fracture surfaces that the secondary
cracks showed a tendency to get arrested and become shallower with increasing tempera-
ture due to crack tip blunting (Fig. 9). Their contribution to energy absorption and fracture
toughness enhancement was therefore lesser at higher temperature.

The existence of secondary cracks not only increased the amount of energy absorbed during
fracture, but also helped in stabilization of primary crack propagation. The ease of primary
crack propagation in T-L oriented specimen (section 4.1) generally tended to make primary
crack propagation unstable in these specimens. However, from -100 °C up to 100 °C, T-L ori-
ented specimen showed stable primary crack propagation due to existence of secondary
cracks which increased energy absorption (Fig. 9). Similar energy absorption was observed in
crack divider geometry at low temperatures due to secondary cracking in [33]. The second-
ary cracks absorbed energy and lowered the local driving force for growth of primary crack
in its vicinity, thus making it propagate in a stable manner. The secondary cracks became
shallower and disappeared near 200 °C in T-L samples due to secondary crack tip blunting.
The primary crack propagation therefore became unstable at 200 °C as primary crack propa-
gated freely (Fig. 9). Increasing the temperature up to 500 °C reduced the amount of sec-
ondary cracks further and led to an increase in plasticity at primary crack tip. This increase in
primary crack tip plasticity counter balanced the crack instability created by free primary
crack propagation in the earlier stage. Therefore, the primary crack stabilized again at higher
temperatures. Despite these effects of secondary cracks, more investigations are needed
with respect to component fracture testing as secondary cracks initiated earlier than the
primary crack at lower loads (Fig. 11).

More pronounced secondary crack propagation was observed in L-T oriented specimens
than in T-L oriented specimens (Fig. 9). Secondary cracking occurs due to constrained in-
duced stress which directly depends on the main stress. If the main stresses were equal in
L-T and T-L orientations, the secondary cracks in both L-T and T-L orientations would have
had the same cumulative energy dissipation (as they lie on the same LT plane). However, the
main stress was lower in T-L than in L-T oriented specimen for the same primary crack prop-
agation at most temperatures (Fig. 8c). This was due to easier primary crack propagation in
T-L orientation (section 4.1). Hence the constraint induced stress was also less in T-L orient-
ed specimen resulting in lesser assistance for secondary crack propagation (Fig. 13). This also
explains the early disappearance of secondary cracks with increasing temperature in T-L ori-
ented specimens.



5 Conclusions

Primary cracks propagated preferentially through the fine grained region. The fine
grained regions consisted of UFGs which are known to have lower ductility than
coarse grains. UFGs initiated voids after reaching their yield stress during loading.
Crack propagation was easiest along rolling direction (L), as the fine and the coarse
grains were most aligned and elongated in this direction (highest GAR). Crack propa-
gation preference was lower in T and in S directions. Therefore primary crack propa-
gation in T-L oriented specimen was easier than L-T oriented specimen resulting in
lower fracture toughness.

Preferential alignment of Ti rich particles along the rolling direction and easier void
growth and coalescence in <110> direction helped in trans-granular dimple formation
and contributed to easier fracture along rolling direction. This contributed to lower
fracture toughness in T-L specimens.

Secondary cracks absorbed energy and locally lowered the driving force for primary
crack growth. In T-L specimen, secondary crack stabilized primary crack propagation
at lower temperatures. Secondary cracks initiated at lower loads as compared to
primary cracks. This was due to the relative ease of secondary crack propagation
along aligned and elongated grains in LT plane as compared to primary crack propa-
gation in TS and LS planes in L-T and T-L orientations, respectively. Crystallographic
texture also contributed towards secondary crack anisotropy.

Secondary crack propagation was more pronounced in terms of the frequency of
their occurrence and depth in L-T orientation than in T-L orientation due to higher
constraint induced stress available for its growth.
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