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Abstract: This paper reports on hardness, tensile properties and notch impact bending toughness
values of an Fe20Cr4.5Al oxide dispersion strengthened (ODS) alloy specifically processed to achieved
different preferential orientations: random, <100>, <110> and <111> parallel to the bar axis. In spite
of the differences in the grain size, it was found for <100>, <111> and random orientations that the
mean hardness values on the transverse cross sections is not remarkably sensitive to the texture.
On the other hand, a significantly different mean hardness value for the material having the <110>

crystalline orientation was found. Regarding the yield strength, it was found for random, <100>

and <111> orientations that the yield strength is proportional to the Taylor’s factor. The difference
between experimental and predicted yield strength values for <110> orientation was attributed to
the offset effect induced by the dislocation cell size. The variation of the cleavage fracture strength
with the texture was analyzed in the basis of two criteria: one based on the Normal Stress Law
(macroscopic nature), and the other based on the assumption that fracture occurs from the propagation
of a microcrack-like defect (microscopic nature). In this sense, it was concluded from the fractographic
evidences that random and <100> orientations follow a mechanism where the fracture kinks along of
the cleavage plane from a penny shaped microcrack nucleated in a second phase particle, meanwhile
in the <110> and <111> orientations the fracture propagation arises from a penny shaped defect on
the cleavage plane. Finally, the lower shelf values determined for the conditions studied are the same
regardless of the texture and microstructure. The effect of texture on the notch toughness was noted
where plastic flow predominates, i.e., in the ductile to brittle transition temperature and in the upper
shelf energy.

Keywords: texture; mechanical properties; fracture behavior; Fe20Cr4.5Al oxide dispersion
strengthened alloy

1. Introduction

It is well known that the mechanical properties of polycrystalline materials can be anisotropic.
There are, basically, three factors that can contribute to the anisotropy: morphology and non-uniform
distribution of second phase particles, alignment in the microstructure of second phase particles and
the preferred crystallographic orientation or texture [1,2]. The alignment of second phase particles
in the microstructure is closely linked to the thermomechanical processing and chemical segregation
whereas that texture induced anisotropy arises from the directional properties of single crystals, and it
is dependent upon the texture intensity of the polycrystalline aggregate, which in turn is related to the
thermomechanical processing method [1–3]. In general, no effect of morphology and alignment of
second phase particles on yield strength (YS), ultimate tensile strength (UTS) and ductile to brittle
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transition temperature (DBTT) has been observed, but reduction in area and absorbed energy at the
upper shelf region are strongly dependent of the test direction [1,2,4,5]. It has been observed that upper
shelf energy is lowest when the fracture runs parallel to the major axis of the inclusions and presents
an inverse correlation with total inclusion projected length per unit area [1,2]; however, such an effect
was not observed in the lower shelf region.

The effect of texture on yield strength and UTS can be predicted calculating the Taylor’s factor using
the method proposed by Hosford and Backofen [6]. The effect of the texture on the ductile-to-brittle
transition curve depends on the fracture type involved on each region of the curve:

Cleavage in the lower shelf region. In this region, the effect of texture on the notch toughness is
determined by the density and relative orientation regarding to the maximum principal stress of the
(100) crystallographic planes since this plane is the cleavage plane [7–11].

Ductile in the upper shelf region. In this region, the effect of texture on notch toughness is
determined by the volume fraction and relative orientation regarding to the maximum principal stress
of the (110), (123) and (112) planes because these planes are responsible of the plastic deformation of
the material [8,11].

Cleavage after notch tip blunting or ductile crack growth in the transition from lower shelf to
upper shelf region. In the interval of high temperatures of the lower shelf region, the effect of texture
depends on density and orientation of the slip planes upon notch tip blunting and of the cleavage planes
upon cleavage fracture. Because the absorbed energy in the upper shelf region is considerably higher
than that of the lower shelf region, the effect of texture in the remaining temperatures between lower
shelf and upper shelf regions is determined mainly by the density and orientation of the slip planes.

In the present work, the effect of texture on the mechanical properties (hardness, tensile properties
at −196 ◦C and room temperature (RT) and variation of notch toughness with test temperature in the
range from −196 ◦C to 400 ◦C) of a Fe20Cr4.5Al oxide dispersion strengthened alloy was analyzed to
study the effect of texture on ductile to brittle transition behavior. Analysis of the microstructure to
evaluate the role of texture on the fracture surface features by means of optical and scanning electron
microscopy was performed.

2. Materials and Methods

The Fe20Cr4.5Al alloy, commercially designed as MA956, was supplied by the Special Metals
Corporation (Hereford, UK) in the form of bars. The chemical composition of the alloy is given in
Table 1 as determined using X-ray fluorescence spectrometry, wet chemistry and inert gas fusion
techniques [12,13].

Table 1. Chemical composition of MA956 alloy (wt. %).

C Si Mn P S Cr Al Ti Co Ni Cu O Y N H (ppm)

0.01 0.12 0.10 0.01 0.01 19.30 4.70 0.44 0.07 0.10 0.02 0.11 0.38 0.02 11.00

This body center cubic (BCC) alloy is studied under four different microstructures resulting from
specific thermomechanical routes undergone on the original mechanical alloyed powders. Following
are these routes and the most relevant microstructural features in each case:

• Hot isostatically pressed at 1050 ◦C + 1330 ◦C/1 h, hereafter denoted “Random”. This material
supplied as bar of 100 mm diameter presents a ferritic bimodal grain structure consisting of fine
equiaxed grains of 2 µm diameter decorating the grain boundaries of large equiaxed grains of
25 µm in diameter [14] (Figure 1a). In this condition, the material presents a random texture with
a weak component characterized by a <100> crystalline direction parallel to the bar axis [14].

• Hot swaged at 1050 ◦C + 1330 ◦C/1 h bar of 9.5 mm in diameter, hereafter denoted “<100>”.
The resulting microstructure consists of very elongated and coarse grains of 150 µm in diameter
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and up to 5103 µm in length with the long axis parallel to the bar axis [14] (Figure 1b). In this
condition, a strong η-fiber (<100>II bar axis) was developed [14].

• Hot extruded at 1050 ◦C + 1330 ◦C/1 h of 60 mm diameter hereafter denoted as “<110>”.
The microstructure consists of ferritic submicrometric grains elongated in the longitudinal
direction of the bar of 1.3 µm length and 0.7 µm in diameter [14] (Figure 1c). This material is
characterized by a very strong α-fiber (<110>II bar axis), [12].

• Recrystallized hot extruded bar of 50 mm diameter in the as-delivered condition from the
manufacturer, hereafter denoted “<111>”. This material presents the most coarse and elongated
grains with 3·mm in diameter and of about 20 mm in length, [14] (Figure 1d). Agglomeration
of small grains of about 50 µm diameter was also observed [14], which indicates that the
recrystallization process has not been completed. In this condition, the 5 to 10 grains that fill up the
bar cross section present a <111> preferential crystalline orientation parallel to the longitudinal
direction of the bar [14].
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Figure 1. Scanning electron microscopy (SEM) and optical microscope images showing the
microstructure of transverse (left) and longitudinal (right) cross sections of: (a) Random, (b) <100>,
(c) <111>, (d) <110> processing conditions.

Two main distribution of mixed (Y,Al) oxide particles uniformly dispersed in the ferritic matrix
have been observed [15]: small particles with sizes ranging from 5 nm to 40 nm and large particles up
to 500 nm in size [15]. The columnar grains of the microstructure can be attributed to the anisotropic
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particle pinning resulting from particle alignment during processing [14]. Moreover, Al2O3 particles
100 nm in size and larger, and Ti(C,N) up a few µm in size were also fond [16].

Vickers hardness tests (load 98 N and dwell time 15 s) were carried out at room temperature to
measure the macrohardness of the longitudinal and transverse cross sections of the bars in the four
conditions. A hardness Vickers manufactured by TecMicro has been used. In the longitudinal cross
sections, the indentations were uniformly distributed along of three parallel lines orthogonal to the bar
axis in such a way that the diagonals coincide with the longitudinal and transverse directions of the
bars. The distance between lines was about 30 mm. In the transverse cross sections, the indentations
were carried out so that they and their corresponding diagonals were randomly distributed on the
surface. Previous to the hardness test, the surface of the specimens was polished to a 0.05 µm finish in
a colloidal silica suspension. For each condition, the hardness values were averaged from at least 40
indentations on each cross section. After the Vickers hardness indentations were complete, Knoop
indentations (load 9.8 N and dwell time 15 s) were performed on the same specimens. The goal of
the Knoop hardness test was to provide more detail of the effect of texture on hardness as Knoop
hardness test is more susceptible to crystalline orientation than Vickers hardness test [17]. Eighteen
well-spaced indentations were made in intervals of 10◦ over a 180◦ arc on longitudinal and transverse
cross sections for which the specimens were previously place on a turntable. For measurements on the
longitudinal cross sections, this interval was the angle between the long diagonal of the indenter and
the longitudinal direction of the bar. On the transverse cross section, the interval was between the long
diagonal of the indenter and any transverse direction.

The tensile and Charpy specimens were prepared with its longitudinal axis parallel to the bar axis.
The round tensile specimens with gage of 4 mm diameter and 30 mm length were tested at −196 ◦C
and RT using a crosshead speed of 1.2 mm/min. For the purpose of making the results comparable,
the dimensions of Charpy specimens (4 mm thickness, 8 mm width, 55 mm length and an U-notch of
2 mm depth and 1 mm notch tip radius) were determined by the smallest diameter of the four bars.
The impact tests were conducted on a Wolpert (D6700 model) drop weight impact pendulum of 300 J
capacity and a maximum impact velocity of 5.4 m/s. The tests were carried out at temperatures ranging
from −196 ◦C to 400 ◦C.

The fractographic features of the fracture surface of tensile specimens were examined using and
optical microscope and a Jeol JSM6400 scanning electron microscope (Jeol Ltd. 3-1-2 Musashino,
Akishima, Tokyo, Japan) operating in 15 kV. The SEM analysis of fracture surfaces were carried out
using different magnifications and working distances to determine the macroscopic fracture mode and
concurrently characterize the fine details of the fracture surface in order to establish the microscopic
mechanism of the fracture initiation.

3. Results

3.1. Main Texture Components

Table 2 lists the maximum orientation distribution function (ODF) intensity of the main texture
component for the four different microstructures resulting from specific thermomechanical routes
undergone on the original mechanical alloyed materials described in previous sections.

Table 2. Main texture components for the four different microstructures resulting from specific
thermomechanical routes undergone.

Condition
Imax (ODF)

<100> <110> <111>

Random 2.1 2.2 1.8
<100> 8.2 0.5 0.8
<110> 1.1 9.1 1.5
<111> 4.2 2.4 7.8



Metals 2020, 10, 87 5 of 18

3.2. Hardness Tests

Figure 2 and Table 3 present the mean and standard deviation of the Vickers hardness measurements
for longitudinal and transverse cross sections of each material condition. It is observed that the hardness
values were homogeneously distributed across the longitudinal and transverse cross sections of the bars.
Notwithstanding the relative differences of the grain size to indentation size (≈200 µm), no remarkable
differences between hardness values for <100>, <111> and Random conditions were found. However,
the <110> condition with the lowest grain size presents the highest hardness. The Vickers hardness data
reveal that the alloy is slightly harder in the transverse than in the longitudinal cross section. By contrast,
the reverse is true for the Random condition. Vickers hardness indentations showed a slight anisotropic
effect in the sense that the indentations were not always square. The two diagonal lengths considered
separately present systematic small differences in longitudinal cross sections. Thus, the diagonal
length in the transverse direction for the <110> and <111> conditions is, respectively, 2.1% and
3% higher than those in the longitudinal direction, whereas for the <100> condition, the diagonal
length in the transverse direction is 1.5% lower than in the longitudinal direction. No systematic
differences were observed for the Random condition. The indentation edges in the material in the <110>

condition exhibited slight convexity, whereas in other conditions rectilinear or slightly undulating
edges were seen.
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Figure 2. Vickers hardness (10 kgf) numbers of transverse (white columns) and longitudinal (grey
columns) cross sections of the four processing conditions.

Table 3. Means and standard deviations of Vickers hardness (HV10) and Knoop hardness numbers,
on transverse and longitudinal cross sections of Fe20Cr4.5Al alloy in different conditions.

Condition Sample
Orientation

Grain Size,
µm

Vickers Hardness Knoop Hardness

Mean SD * Mean SD *

Random
T

25
271 1 247 37

L 276 3 247 28

<100>
T

150
262 6 235 29

L 259 5 245 26

<110>
T

0.7
344 1 317 21

L 332 1 325 22

<111>
T

3 × 103 269 6 246 37
L 256 5 247 42

* SD stands for Standard deviation.

For each material condition, the variation in Knoop number with the direction of long diagonal
with respect to the longitudinal and transverse directions in the longitudinal and transverse cross
sections respectively is shown in Figure 3. Comparatively with the mean of Vickers hardness numbers
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in Table 3, the mean of Knoop hardness numbers are slightly lower; however, the Knoop hardness
numbers present a higher standard deviation.Metals 2019, 9, x FOR PEER REVIEW 6 of 19 
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Figure 3. Variation of Knoop hardness (1 kgf) number with indenter orientation for transverse and
longitudinal cross sections of the four processing conditions: (a) random, (b) <100>, (c) <110> and (d)
<111>. The value of α is the angle of long diagonal from longitudinal (longitudinal cross section) and
arbitrary transverse (transverse cross section) directions.

3.3. Tensile Tests

The nominal stress-strain curves at −196 ◦C and RT for all material conditions are shown in
Figure 4. The tensile properties: elastic modulus (E). 0.2% yield strength (YS), ultimate tensile strength
(UTS), and elongation to failure calculated over a gauge length of 20 mm (ε) are listed in Table 4. As can
be seen, a very different mechanical response is observed between different conditions, which reflects
its strong sensitivity to both the microstructure and the texture of the alloy. It was seen that at −196 ◦C,
the alloy is brittle or shows very low ductility in all conditions except for the case of submicrometric
grain size of the <110> condition in which a plastic elongation as high as 25% is achieved before
fracture. This reveals that the DBTT under uniaxial stress conditions for <110> condition, has not been
reached at −196 ◦C. It is remarkable that for Random, <100> and <111> conditions, the brittle fracture
occurred just after YS. The elastic region of the curves for the <100> and <111> conditions presented
several abrupt stress drops which were manifested as audible “clicks” during straining well before YS.
The fracture strength is also observed to be dependent of both the microstructure and texture. Thus,
the <100> condition presents the lowest fracture strength (YS = UTS = 1104 MPa) whereas the <111>

condition with the coarsest grain size presents the highest (YS = UTS = 1596 MPa) fracture strength.
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Figure 4. Nominal tensile stress-strain curves at −196 ◦C and room temperature of the four processing
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Table 4. Results of tensile and bending impact tests of Fe20Cr4.5Al alloy in different conditions.

Condition
Tensile Properties Taylor’s

Factor
Impact Bending

T/◦C E/GPa YS/MPa UTS/MPa ε/% LSE/J USE/J DBTT/◦C

Random
20

200
648 804 8.7

2.7 2 24 −20
−196 1100 1160 3.0

<100>
20

160
636 732 26.2

2.4 2 42 8
−196 1104 1104 0

<110>
20

185
790 970 25.8

2.5 2 35 −70
−196 1290 1455 25.2

<111>
20

290
810 816 7.8

3.2 2 33 −40
−196 1596 1596 0

E—Young modulus; YS—Yield strength; UTS—Ultimate tensile strength; ε—Elongation to failure; LSE—Lower
shelf energy; USE—Upper shelf energy; DBTT—Ductile to brittle transition temperature.

Young’s modulus at room temperature is maximum (E = 290 GPa) for <111> condition and
minimum (E = 160 GPa) for <100> condition which is in agreement with those reported for monocrystals
of Fe19Cr alloy tested at RT at the same crystallographic directions [16]. However, the Young’s modulus
for <110> condition (E = 185 GPa) is lower than that tested in <110> direction of Fe19Cr alloy [18].
For Random condition a similar value (E = 200 GPa) to that of polycrystals of Fe19Cr was found [18].

The tensile response at RT shows ductile behavior for the four conditions. Meanwhile, the Random,
<100> and <110> conditions exhibit continuous yielding and the <111> condition presents an initial
round yield drop followed by deformation at a continuously decreasing applied stress to final fracture.
At RT, the YS and the UTS are also observed to be strongly dependent of the microstructure and texture
of the material. The <100> condition presents the lowest YS (YS = 636 MPa) and UTS (732 MPa) values,
whereas the <111> condition presents the highest YS (YS = 810 MPa) and an UTS value of 816 MPa,
almost identical to YS. The <110> condition presents a similar YS to that of the <111> condition,
in spite of the enormous difference in the grain size, whereas the UTS = 970 MPa value is the largest
of all. On the other hand, the <111> condition presents the lowest elongation to failure (ε) and the
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<100> and <110> the highest. It should be borne in mind, however, that for the <111> condition, the
deformation was not uniformly distributed on the full gage length, but it was only concentrated in the
first region of yielding in which necking and later stage of fracture take place.

Fractographic Analysis of Fracture Surface of Tensile Specimens

Figure 5a shows the fracture surface of the material in the Random condition at −196 ◦C.
The macroscopic view (Figure 5a-left) shows a flat fracture surface perpendicular to the tensile axis
in which the initiation point of the fracture is appreciated. Detailed view of the initiation zone of
the fracture is shown in Figure 5a-right. It is seen from the flat facets, small in size, that cleavage
transgranular occurred. It can be also observed that the microstructural feature controlling the fracture
initiation consists of a group of small pores (Figure 5a-right). However, the initiation point is not a pore
itself, but in the matrix between pores, presumably due to the increase of pore-induced stress triaxiality.
The fracture surface of the alloy in the <100> condition at −196 ◦C is shown in the SEM micrographs of
Figure 5b. As for the Random condition, a flat fracture surface, which occurs by transgranular cleavage,
is observed in Figure 5b. As can be observed more in detail in Figure 5b-left, the fracture propagates
from a penny shaped crack nucleated in a second phase particle. Figure 5c presents SEM micrographs
showing the fracture surface of the alloy in the <110> condition at −196 ◦C. In Figure 5c-left, it is
observed that fracture occurs in a plane orthogonal to the tensile axis in which a fracture initiation zone
can be observed near the specimen center. In progressive higher magnifications no microstructural
features controlling the fracture initiation were found (Figure 5c-right). Because fracture of tensile
specimen occurred after considerable reduction of area in transverse cross section, it is assumed that
the fracture initiation is controlled by the stress triaxiality state, which is maximum at the center of
cross section. Finally, it is remarked that the fracture micromechanism for this condition was not by
cleavage but by quasi-cleavage (Figure 5c-right).Metals 2019, 9, x FOR PEER REVIEW 9 of 19 

 

 
Figure 5. Macroscopic (left) and microscopic (right) SEM images of the fracture surface of tensile 
specimens tested at −196 °C of: (a) Random, (b) <100> and (c) <110> processing conditions. White 
arrows indicate the fracture initiation zone. 

The different details of the fracture surface of the alloy in the <111> condition at −196 °C are 
shown in the micrographs of Figure 6. Figure 6a is a macroscopic view showing the fracture initiates 
near specimen surface and the staggered nature of the crack propagation through the transverse cross 
section of the specimen. Observations in progressively higher magnifications reveal no 
microstructural features controlling the fracture initiation (Figure 6b). Apparently, it is seen that the 
fracture initiation takes place at the intersection of three cleavage planes (Figure 6a,b). Figure 6c is an 
optical macrograph showing the fracture profile, indicating an inclination angle of about 35–40° 
between fracture facets and the tensile axis. In spite of the facets inclination, the average plane of the 
fracture runs normal to the tensile axis. 

The fracture surfaces of tensile specimens tested at RT of the material in Random, <100> and 
<110> conditions was characterized by microvoid coalescence followed by localized shear, whereas 
that of the alloy in <111> condition occurred by cleavage after of marked reduction of area. 

Figure 5. Macroscopic (left) and microscopic (right) SEM images of the fracture surface of tensile
specimens tested at −196 ◦C of: (a) Random, (b) <100> and (c) <110> processing conditions. White
arrows indicate the fracture initiation zone.
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The different details of the fracture surface of the alloy in the <111> condition at −196 ◦C are
shown in the micrographs of Figure 6. Figure 6a is a macroscopic view showing the fracture initiates
near specimen surface and the staggered nature of the crack propagation through the transverse cross
section of the specimen. Observations in progressively higher magnifications reveal no microstructural
features controlling the fracture initiation (Figure 6b). Apparently, it is seen that the fracture initiation
takes place at the intersection of three cleavage planes (Figure 6a,b). Figure 6c is an optical macrograph
showing the fracture profile, indicating an inclination angle of about 35–40◦ between fracture facets
and the tensile axis. In spite of the facets inclination, the average plane of the fracture runs normal to
the tensile axis.
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The fracture surfaces of tensile specimens tested at RT of the material in Random, <100> and
<110> conditions was characterized by microvoid coalescence followed by localized shear, whereas
that of the alloy in <111> condition occurred by cleavage after of marked reduction of area.

3.4. Charpy Tests

Figure 7 shows the impact absorbed energy plotted as a function of test temperature for each of
the four material conditions. The lower and upper shelf energies, LSE and USE, respectively, and the
ductile to brittle transition temperature DBTT, which corresponds to the average value of LSE and
USE values, are listed in Table 3. All four conditions exhibit the same LSE, i.e., the LSE is apparently
insensitive to both the grain size and the texture (Figure 7 and Table 3). The <100> condition presents
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the highest USE (USE = 42 J), a rapid transition to LSE and, the highest DBTT (DBTT = 8◦). The <111>

and <110> conditions, with the highest and lowest grain size, respectively, display comparable USE
but significant differences in both the DBTT (−40 ◦C and −70 ◦C, respectively) and transition rates
from upper to lower shelf regions. Although part of the difference in DBTT for these conditions could
be attributed to the difference in the grain size, another important contribution would be due to the
texture. On the other hand, the difference in DBTT of the material in <100> (DBTT = +8 ◦C) and <111>

(DBTT = −40 ◦C) conditions is due mainly to the differences in texture. The Random condition presents
the lowest USE and a DBTT = −20 ◦C.Metals 2019, 9, x FOR PEER REVIEW 11 of 19 
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Fractographic Analysis of Fracture Surface of Charpy Specimens

The experimental results of previous investigations suggest no clear differences in the
microstructural features controlling the initiation of the cleavage fracture for the four material
conditions [19]. Thus, for test temperatures well into the lower shelf region, and disregarding the
material condition, it was reported that cleavage fracture initiated at second phase particles, at the
matrix between small pores or at the notch tip [19]. In contrast to what occurs in the DBT region,
the weak link model is in general no applicable well into the LS region, because various initiation points
determine the cleavage failure. The fracture surface of specimens tested at +150 ◦C temperature for any
material condition presents morphologic features typically ductile of microvoid coalescence; however,
the microvoid density of the fracture surface of the Random condition specimens is significantly higher
than in other material conditions, which is consistent with its lower value of USE.

4. Discussion

4.1. Hardness

Two factors could influence in the Vickers hardness numbers of the transverse cross sections of the
bars, the grain size and the texture. Early investigation has shown that the average hardness number
of single crystals of silicon ferrite indented in (001), (110) and (111) planes ranges between 206–208,
and then, it was considered that the hardness is independent of the indented plane [20]. Regarding
our study, and in spite of the great differences in the grain size for the <100>, <111> and Random
conditions, no remarkably differences in hardness were found (Figure 3 and Table 2). Therefore,
it might be concluded from this study that hardness is independent of texture. Considering that for
the <100> and Random conditions the indentation size (≈200 µm) was considerably higher than the
grain size, and the hardness is independent of the texture, it would also be likely that the hardness is
not remarkably influenced by the grain size. It is therefore suggested, in agreement with previous
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work [21], that the higher hardness number of the material in the <110> condition is due to the higher
dislocation density in the form of dislocation cells.

The scatter in Knoop hardness values that was observed in this study (Figure 4 and Table 2) may
be related to the hardness anisotropy that occurs in many materials. For example, in silicon ferrite
single crystals, Knoop numbers vary from 180 to 240 as a function of the crystallographic orientation of
the long diagonal of indenter [20], and to a lesser extension of the crystallographic plane indented [20].
In polycrystalline ferritic materials, hardness anisotropy of crystallographic origin could be expected if
the material is strongly textured. Although the variation range of Knoop hardness of transverse cross
sections of the studied alloy is comparable to that observed in silicon ferrite crystals, no cyclic variation
in Knoop hardness with orientation of long diagonal was observed, which could be attributed, in part,
to the heterogeneous distribution of yttria dispersoids and, in part, to the polycrystalline nature of
the alloy.

4.2. Tensile Tests

It is well known that when a crystal is stressed, slip begins when the shear stress on some slip
system reaches a critical value τc [22]. The Schmidt’s law describes the relationship between the
applied stress, σ, and the resolved shear stress, τ, using slip plane normal direction and slip direction
according the following equation [22]:

τ = mσ = σ cosϕ cosλ (1)

where m is the Schmidt’s factor and φ and λ are the angles between the applied stress direction and
the slip direction and the slip plane normal direction respectively. Assuming the critical shear stress
is independent of the orientation, the value of the applied stress, σ, for a particular condition where
the shear stress, τ reaches the critical value, τc, might be determined by the reciprocate of m factor.
The deformation mechanisms in the grains of a polycrystal are similar as those in a single crystal,
but compatibility requirement of deformation between neighboring grains must be achieved [23].
According to Taylor’s analysis, the flow behavior of a polycrystal under uniaxial tension can be
calculated as [23]:

σ = Mτ (2)

dε =
dγ
M

(3)

where dγ is the incremental slip on the individual slip systems, dε is the incremental axial strain and M
is the Taylor’s factor, which depends on the crystalline orientation. Thus, the yield strength of strongly
textured metallic materials also depends of the preferential orientation of the grains to direction of
applied stress. The slip systems with minimum M-factor will be most favored to slip under uniaxial
stress. Earlier investigations have demonstrated that ferritic body-centered-cubic materials deform by
<111> pencil glide on any plane ((110), (123) and (112)) containing a <111> direction [21]. For this glide
system, Table 3 shows the Taylor’s factor for Random, <100>, <110> and <111> orientations [23,24].
For instance, taking the yield strength for <100> orientation and using the appropriate M-factor it can
be estimated for any other orientation, x, the yield strength using the following expression:

σ〈x〉 =
M〈x〉

M〈100〉
σ〈100〉 (4)

It can be seen that Equation (4) gives reasonable predictions except for <110> orientation in
which a remarkable difference of 150 MPa between predicted and experimental values appears. It is
suggested that this difference could be attributed to the difference in dislocation density in the form of
submicrometric dislocation cells in the material. It is also noteworthy that the hardening associated to
the difference in dislocation density is similar to that of the hardening texture induced in the material
with <111> orientation, which presents the maximum value of Taylor’s factor regarding to those
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of all possible orientations [23]. Because of the Taylor’s factor is maximum for <111> orientation,
once yielding begins, the Taylor’s factor decreases, and then, geometrical softening occurs [25].
The softening may be so severe that deformation is concentrated in the firsts regions of yielding,
and induces severe necking and subsequent fracture in these regions [25].

There are a lot of publications in the literature concerning with the correlation of yield strength
and hardness [26–29]; however, to the author’s knowledge, the effect of texture in strongly textured
materials on the relationship between hardness and yield strength has not been addressed yet. First,
it must be remarked that yield strength and hardness are different mechanical properties, although
good correlations and some theoretical basis has been established [30]. Earlier investigations have
shown for Fe–Si monocrystals that hardness is independent of the crystallographic plane indented [20].
However, the yield strength is strongly dependent of the tensile direction [25]. For the alloy studied
here, similar results to those found for Fe–Si monocrystals has been observed as described in previous
sections. Using the following relationship between yield strength and hardness proposed in [31]:

YS = 3.28×HV − 221 (5)

and the hardness values in Table 2, it can be seen that accurate predictions of the yield strength can be
obtained for the analyzed conditions except for <111> conditions. Therefore, no general relationship
can be established without taking into account the strain hardening of the material [21] or the texture.

The differences found among fracture strength at −196 ◦C for the different material conditions
can be attributed to the different textures and microstructures developed in each case. To analyze the
fracture strength data, the Normal Stress Law established for Shoncke for sodium chloride crystals [32],
and extended to the fracture strength of metallic crystals with different lattice structure [22], has been
adopted as the starting point. According to this law, a crystal breaks when a critical normal stress (k) is
reached on the cleavage plane:

σ f cos2 λ = k (6)

where λ is the angle between the normal direction of the cleavage plane and the tensile stress direction
and σf is the applied stress at fracture. Since cleavage fracture takes place along the specific (100)
crystallographic planes, different σf values are obtained for different orientations (λ–angles) of the
cleavage plane, taking the fracture strength value at −196 ◦C as 1100 MPa for the <100> condition
(λ = 0◦) as a reference value. Table 5 shows the calculated values for any other material condition
according with Equation (6). It can be seen that the calculated values are considerably higher than those
obtained from experimental test, and thus, the Normal Stress Law does not work for the present alloy.

Table 5. Experimental and predicted values of the fracture strength of tensile specimens tested at
−196 ◦C of Fe20Cr4.5Al in different conditions.

Condition α, degrees β, degrees
Experimental Predicted

σF/MPa σN/MPa σfK/MPa σfS/MPa

Random - - 1160 - 1230 1230
<100> 0 0 1104 1104 1104 1104
<110> 45 45 1610 (*) 2208 1388 1531
<111> 55 35 1596 3356 1886 2230

α—deflection angle of the kink with the main crack or angle between normal direction to cleavage plane and tensile
direction; β—angle between tensile direction and cleavage plane; σF—experimental fracture strength; σN—fracture
strength estimated from Sohncke’s Normal Law, Equation (6); σf,K—fracture strength of kinked penny shaped crack,
Equation (15); σf,S—fracture strength of slanted penny shaped crack, Equation (18). *—True maximum fracture
stress after 25.2% elongation. It is remarked that in this condition, the fracture occurred by quasi-cleavage.

The tensile curves in Figure 4 and the fractographic analysis reveal that the fracture of tensile
specimens tested at −196 ◦C develops from the propagation of a microcrack-like defect after the onset
of yielding. It is generally accepted that the process of cleavage fracture can be attributed to the
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nucleation of a microcrack followed by its dynamic propagation across the surrounding matrix [33–35].
This requires that the local stress must exceed a certain critical value [33–35]. According to Griffith’s
theory, a microcrack in a solid would become shelf-propagating when the energy release rate, G,
became at least equal than the rate of increase of surface energy γS of the extending microcrack [36]:

G ≥ 2γs (7)

Using the terminology of Linear Elastic Fracture Mechanics, the energy release rate may be
expressed as follows [37]:

G =
K2

e f f

(
1− ν2

)
E

(8)

Ke f f = K2
I + K2

II (9)

where Keff, KI and KII are the effective, mode I fracture and mode II fracture stress intensity factors,
respectively, and E and ν are the Young’s modulus and the Poisson’s ratio. Two microcracking types
were considered to estimate the fracture strength as a function of the material condition, kinked penny
shaped microcrack and slanted penny shaped microcrack.

Kinked penny shaped microcrack. It is supposed that a microcrack is nucleated in a second phase
particle so that it is normal to the tensile direction and then incipiently propagates along the cleavage
plane of the matrix (Figure 8a).
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The mode I stress intensity factor, KI, near the end of a penny shaped crack of a half-crack length,
subjected to tensile stress, σ, at infinity is [38]:

K =
2
π
σ
√
πa (10)

For a penny shaped microcrack of a half-crack length, the mode I and mode II stress intensity
factors kI(α) and kII(α) near the end of an infinitesimal kinked crack can be expressed as a function of
Equation (10) as follows [39,40]:

kI(α) = C11(α)KI (11)

kII(α) = C21(α)KI (12)
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In which:
C11(α) =

1
4

(
3 cos

α
2
+ cos

3α
2

)
(13)

C21(α) =
1
4

(
sin

α
2
+ sin

3α
2

)
(14)

where α is the deflection angle of the kink with the main microcrack. Substituting (11)–(12) into
Equation (8) and the result in Equation (7), it is found that the stress, σfk, necessary to kinking a penny
shaped crack along of cleavage plane is:

σ f k =

 πEγ

2α(1− ν2)
(
C2

11(α) + C2
21(α)

)
1/2

(15)

Taking σfk as the fracture strength value of the material in the <100> condition (1100 MPa), α = 0,
a = 5 × 10−4 mm, E = 170 GPa and ν = 0.3 as input data into Equation (15), the surface energy γ is
calculated to be 2.2 J/m2, which is consistent with the one reported by Hann for Fe-single crystal [33].
Substituting now the above values of γ = 2.2 J m−2, a = 5 × 10−4 mm, ν = 0.3, and the corresponding
values of E and α into Equation (15), the σfk values listed in Table 4 are obtained.

Slanted penny shaped crack. It is supposed that a crack nucleates in a defect of the crystal lattice
of the matrix and immediately propagates along the cleavage plane (Figure 8b).

In this case, the mode I and mode II fracture near the end of a β-slanted penny shaped crack of a
half-crack length placed on the cleavage plane undergone to tensile stress, σ, at infinity, are [37]:

KI =
2
π

(
σ sin2 β

)√
πa (16)

KII =
4

π(2− ν)
(σ sin β cos β)

√
πa (17)

where β is the angle between tensile direction and the cleavage plane. Substituting Equations (16)–(17)
into Equation (8) and the result in Equation (7), it is found that the stress, σfs, necessary to propagate a
slanted penny shaped crack along of a cleavage plane can be calculated from the following equation:

σ f s =

{
πγE

2a(1−ν2)

}1/2

sin β
[
1 + cos2 β

(4−ν)ν
(2−ν)2

]1/2
(18)

Similar calculations to those of kinked penny shaped crack were performed, and these results are
also listed in Table 5.

For the σfk calculation, it was assumed that for the Random (No texture) condition, there was
no crack kinking (α = 0◦) or β = 90◦. It is evident in this condition that those grains with <100>

crystalline direction parallel to tensile direction will determine the cleavage failure of tensile specimen.
Accordingly, the experimental cleavage strength values of Random and <100> conditions are similar.

Comparing σfk and σfs values with the experimental σF result for <111> condition, it is observed
that the crack kinking model predicts the experimental result more accurately. It make no sense to
compare the predictions of the models with the experimental result for <110> conditions, because
in this condition, fracture occurred by quasi-cleavage instead of full cleavage. We think the cleavage
fracture strength value is near to YS at −196 ◦C (1290 MPa), because cleavage fracture occurred once a
little bit of plastic deformation has developed. Such a value would be more in line with that predicted
by the kinking crack model than with that predicted by the slanted crack model.
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4.3. Charpy Tests

The influence of texture on the variation with temperature of notch toughness (ductile to brittle
transition temperature) was considered for cleavage (lower shelf region), mixed ductile-cleavage
(transition region) and ductile (upper shelf region) fracture modes. The LSE depends on the orientation
to maximum principal stress direction and density of (100) planes, since these planes are the only
crystallographic planes in which cleavage can occur [7–11]. The above results of notch toughness
at the LS region have shown the LSE values are the same disregarding of condition (microstructure
and texture) of material. However, taking into account the orientation of the cleavage planes (100)
regarding to the bar axis for the different material conditions, it could be expected, if propagation is the
controlling step for cleavage, that the LSE value varies according to the following inequality:

LSE〈111〉(35◦) > LSE〈110〉(45◦) > LSE〈Random〉 ≥ LSE〈100〉(0◦) (19)

Two possible reasons could to explain the experimental results. First, the step for cleavage fracture
is a crack-nucleation instead of crack-propagation controlled mechanism. Because the morphology
and distribution of second phase is similar for all conditions, it could be expected that the LSE value
were the same for all material conditions. Second, the Charpy test method was not sensitive enough to
discern the implicit differences in the inequality (19).

In the upper shelf region, ductile fracture by nucleation and coalescence of microvoids is
accompanied of severe plastic deformation. Ferritic steels deform by “pencil” glide on any (110), (123)
and (112) planes at <111> direction [23]; however, as (110) is densely packed, it could be argued that
deformation occurred more easily on (110) plane and then that the absorbed energy in the impact test
can be higher than when the material deforms on (112) and/or (123) slip planes [41,42]. Moreover,
following in the same argument, it can be also argued the absorbed energy could be even larger when
the (110) plane is subjected to the maximum shear stress which occurs when this plane is inclined 45o
regarding to the direction of the maximum principal stress, i.e., when maximum principal stress acts
parallel to the <100> direction. Based on these considerations, it could therefore be concluded that the
material in the <100> condition should present the highest USE value, which is in accordance with the
above experimental results.

In the cleavage to ductile transition region, cleavage is preceded of notch tip blunting in the interval
of low temperatures of transition region near the LS region, while in higher temperatures before the
US region, cleavage is preceded by notch tip blunting followed by ductile crack growth. An increase in
volume fraction of the {110} on an inclined plane 45◦ regarding to direction of the maximum principal
stress (<100> parallel to maximum principal stress) would facilitate the development of notch tip
blunting. This would make it more difficult to cause cleavage because stress concentration ahead of
notch tip decreases although crack nucleation and strain hardening would be facilitated. With this in
mind, it seems complex to predict the effect of texture on DBTT; however, it is possible to estimate a
lower DBTT limit, at least qualitatively, as the temperature in which LS begins. Having into account
the variation of yield strength with temperature (Table 4) and the cleavage fracture strength (Table 4)
for the different material conditions it is proposed the temperature in which LS begins would vary
according to the following inequality:

T〈111〉 < T〈110〉 < T〈Random〉 ≤ T〈100〉 (20)

The DBTTs of the material in the different conditions showed in Table 3 are agreement with this
inequality except for <111> and <110> that occupy exchanged positions. Therefore, the dislocation
cells in the <110> condition cause a notable reduction of DBTT.



Metals 2020, 10, 87 16 of 18

5. Conclusions

The influence of texture on hardness, tensile properties and notch impact bending toughness
on a Fe20Cr4.5Al ODS alloy processed to achieved random, <100>, <110> and <111> preferential
orientations has been studied in this work. The following conclusion has been raised:

1. Tensile curves and fractographic analysis reveal that the fracture of tensile specimens tested at
−196 ◦C develops from the propagation of a microcrack-like defect after the onset of yielding.

2. Two criteria to determine the cleavage mechanism have been analyzed. One of macroscopic
nature, based on the Normal Stress Law, and the other of microscopic nature, which assumes
that fracture occurs from the propagation of a microcrack-like defect. The results show that the
applied tensile stress for cleavage fracture is considerably over-predicted with the Normal Stress
Law while the second criterion gives accurate predictions.

3. The effect of texture on the cleavage strength of tensile specimens can be properly predicted with
the kinking crack model.

4. The lower shelf values determined for the conditions studied are the same regardless of the texture
and microstructure. The effect of texture on the notch toughness was noted where plastic flow
predominates, i.e., in the ductile to brittle transition temperature and in the upper shelf energy.
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