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ARTICLE INFO ABSTRACT

Keywords: Dislocations in ceramics can enhance mechanical performance and functional properties. Recently, tailoring the
Fractography dislocation density in ceramics at meso/macroscale at room temperature was made available through a surface
Dislocations scratching technique. The effects of this treatment on the material’s hardness, crack-initiation/propagation and
Failure Analysis . . . . . . . . .

MgO microscopic strength were investigated, with an observed toughening effect. Here we investigated the impact of

dislocation density, tuned via surface scratching technique, on the macroscopic strength of MgO crystals.
Specimens with three different dislocation densities were tested: unaltered as-received state (<10'2 m~?), an
intermediate density (~10'* m~2), and a high density (>10'®> m~2). The macroscopic strength was assessed using
Ball-on-Three-Balls-tests and Ball-on-Ring-tests. The influence of anisotropic material properties on the stress
field and the susceptibility to specimen edge failures was assessed through Finite Element Analysis. Extensive
fractographic analysis suggests the observed decrease in the macroscopic strength can be related to the creation
of local stress concentrations during dislocation engineering.

Finite Element Analysis

1. Introduction

Oxide ceramic materials are widely valued as structural materials for
their high melting points, chemical stability and exceptional stiffness,
yet their macroscopic mechanical performance is fundamentally limited
by their brittle nature [1,2]. Unlike most engineering-relevant metals,
where plastic deformation can dissipate the energy and delay cata-
strophic failure, most ceramics exhibit minimal dislocation activity at
ambient conditions due to very limited dislocation activities, a conse-
quence of low dislocation densities (typically ~10'® m~2), high bond
strength, large Burgers vectors, and complex crystal structures. As a
result, fracture in ceramics occurs with little warning, and their strength
is typically governed by the size and distribution of flaws. The utilization
of high dislocation densities could give a unique way out of this
conjuncture [3].

Early investigations into dislocation activity in ionic crystals during
the 1950s and 1960s focused primarily on rock-salt-structured materials
such as NaCl [4], LiF [5,6], and MgO [7]. These studies revealed that
especially at elevated temperatures, these oxides and halides exhibit
substantial ductility (>10% strain) [8,9], enabled by highly mobile
dislocations that can multiply readily under applied load. At room
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temperature, however, plasticity is often far more limited, though still
measurable [7]. The prevailing explanation lies in the extremely low
pristine dislocation densities characteristic of these materials: with so
few mobile defects available, the onset of macroscopic plastic defor-
mation is hindered. The dislocation activity of oxides is highly sensitive
to the choice of material [10]. MgO, which was used extensively in the
early foundational studies, stands out as an ideal model system for
probing how dislocations can influence the strength and fracture
behavior of ceramics [11].

Recently, mesoscopic plastic deformation by the use of cyclic Brinell
indentation [12] and cyclic Brinell ball scratching [13] have made it
possible to introduce and control dislocation densities in suitable ce-
ramics up to ~10'® m™2, a 10,000-fold increase in comparison to pris-
tine crystals. These capabilities reopen fundamental questions about the
mechanical role of dislocations in materials that are traditionally clas-
sified as brittle, since the sluggish natural dislocation multiplication can
be deliberately pre-empted. Increasing the dislocation density prior to
mechanical testing enables systematic exploration of how their inter-
action with pre-existing flaws affect failure initiation, strength statistics,
and fracture resistance at the macroscale.

Zones of high dislocation densities are expected to influence strength
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in several competing ways. On one hand, dislocations can generate
significant lateral compressive residual stresses (in the GPa-range),
which may offset tensile loads and retard crack initiation [14,15].
Pile-ups of dislocations, e.g. caused by the Lomer lock mechanism, could
simultaneously promote fracture by creating strong localized driving
forces [16,17]. On the other hand, the presence of distributed disloca-
tions can alter crack propagation behavior once the crack is initiated.
Typical toughening mechanisms based on crack tip-dislocation inter-
action include shielding effects by the stress fields around dislocations
lowering the local stress intensity factor [18], the emission of (shielding)
dislocations from the crack tip [19,20], and the blunting of the crack tip
in case the glide planes are inclined to the fracture plane [21].
Furthermore, a high density of engineered defects can modify the sta-
tistical nature of fracture. According to the statistical theory of strength,
the scatter in strength measurements is governed by the distribution of
critical flaws [22,23]. Modifying the defect density in a controlled
manner could effectively homogenize the flaw landscape, potentially
increasing the Weibull modulus and reducing strength variability.

With mechanisms potentially both increasing and decreasing the
resistance against crack initiation and propagation, the influence of a
deliberately increased pre-existing dislocation density on the macro-
scopic strength of oxides is still unclear and will be the major focus of
this work. More specifically, this work will present results of a case study
using single-crystal MgO. On the micro- and mesoscale, the influence of
dislocation-rich zones on the fracture behavior of MgO has already been
investigated and discussed recently using Vickers indentation [24] and
the double cleavage drilled compression test [25]. To probe the
macroscopic effect, two consecutive trials were carried out, with the
result of the first trial defining the design of the second. Therefore, the
results of each trial will be presented and discussed separately.

Additionally, the challenges of strength testing of stiff, brittle ma-
terials which are prone to plastic deformation shall be pointed out. The
observations from this work will be used to derive the special re-
quirements for the utilized methods, which were originally developed
without considering plasticity. Thus, testing guidelines to ensure accu-
rate and reliable strength assessment are presented. These findings will
not only be relevant for MgO, but for plenty of other plastically
deformable ceramics as well [10].

2. Experimental
2.1. Material and specimen preparation

Undoped MgO single crystals were sourced from Alineason Materials
Technology GmbH (Frankfurt am Main, Germany) in two batches. For
both batches, specimens were delivered as square plates in a single-side
polished condition. The crystal orientation within each specimen was
chosen so that the specimen faces were parallel to {100} planes and that
the specimen edges were parallel to (100) directions. Batch 1 consisted
of a total of 40 specimens, while batch 2 comprised 30 specimens. The
dimensions and further specimen information are given in Table 1.

To increase the dislocation density, the Brinell ball scratching tech-
nique, as outlined in [13], was utilized. This technique allows to tailor
the surface-near dislocation density at room temperature by repeatedly
scratching a hard sphere over the sample with a controlled normal load.
Brinell scratching relies on the activation of pre-existing dislocation

Table 1
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sources in the material, which should be abundant because of the pris-
tine dislocation density already present in the sample (roughly 7 x 10!
m~2). The dislocation density can be estimated by electron channelling
contrast imaging (ECCI), which allows the visualization of individual
dislocations in a scanning electron microscope (here MIRA3-XM, Tes-
can, Brno, Czech Republic) [26]. The density is obtained by counting the
dislocations per area (for more detailed analysis on similar samples,
refer to e.g. [24]).

The scratching was realized on a “Finotest” universal hardness tester
(Karl Frank GmbH, 69488 Weinheim-Birkenau, Germany) equipped
with a two-axis stage (Thorlabs Inc., Newton NJ 07860, USA).
Scratching was performed using a hardened-steel ball of 2.5 mm diam-
eter with a load of 9.81 N (1 kgf) and a scratching speed of 0.5 mm/s.
With this method, the dislocation density on the surface as well as within
the underlying bulk (up to a depth of about 200 um) can be tailored by
the number of passes per wear track. Specimens were scratched in
parallel lines (150 um distance from center to center, to match the width
of the wear tracks) within a square region (3 mm x 3 mm for batch 1,
6 mm x 6 mm for batch 2) in the center of the polished surface at room
temperature. A representative example from batch 1 is illustrated in
Fig. 1, with scratching tracks visible as vertical lines in the specimen’s
center. High-resolution SEM analysis confirmed that no cracks were
present after scratching.

For batch 1, specimens were randomly grouped into two samples
before scratching. One sample represents reference specimens (desig-
nated as sample B3B—0), which were not altered in any way, and the
other represents specimens with a greatly increased dislocation density
(designated as sample B3B—10), which were scratched with 10 passes.
For batch 2, specimens were randomly grouped into three samples
before scratching. This time, reference specimens (designated as sample
BoR—0), specimens with a moderately increased dislocation density

Fig. 1. A representative specimen of batch 1 with the dislocation engineered
region visible as vertical lines in the center of the specimen on the polished face.
The lines are made visible by using differential inference contrast in a
light microscope.

Information on the sample designation, average specimen dimensions with respective standard deviation, approximate dislocation densities and sample size.

Designation [-] Batch [-] Edge length [mm] Thickness [mm] No. of Scratches [-] Dislocation density [m 2] Sample size [-]
B3B-0 1 9.956 + 0.068 0.553 £ 0.011 None ~7-10M 20
B3B-10 1 9.975 + 0.092 0.549 + 0.013 10 ~2.10%° 19
BoR-0 2 24.996 + 0.110 0.541 + 0.009 None ~7-10" 10
BoR-1 2 25.034 £+ 0.081 0.532 £ 0.012 1 ~4.10™ 10
BoR-10 2 25.051 £ 0.086 0.528 + 0.021 10 ~2.10'° 10
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(designated as sample BoR—1) and specimens with a greatly increased
dislocation density (designated as sample BoR—10) were produced. For
samples BoR—1 and BoR—10, the dislocation density was increased
through a single and through 10 passes, respectively. The dislocation
densities for all samples are identical to those determined in [24].

No additional steps that might alter the surface quality or defect
distribution of the specimens were performed. Specimen edge cham-
fering was deemed not feasible (at least without damage) due to the low
specimen thickness, large edge length and low fracture toughness.
Specimen edge length was measured on at least two edges per specimen
with a Mitutoyo Absolute Digimatic Micrometer (Mitutoyo Corporation,
Kawasaki, 213-8533, Kanagawa, Japan). Average specimen thickness
was determined with a Mitutoyo Absolute Digimatic Indicator ID-C from
measurements near the corners of each specimen. Prior to testing, ad-
hesive tape was attached to the unpolished specimen side (which is
loaded in compression) to aid fractography after failure. Care was taken
to omit the region of load introduction to ensure a defined contact of the
loading member of the test jig to the specimen without soft intermediate
layers [27]. On the same side, specimens were marked with a pen line
parallel to one edge and, if applicable, parallel to the scratch tracks to
aid specimen alignment and fractography.

2.2. Strength testing and fractography

Strength testing was performed on a Zwick Z010 (ZwickRoell GmbH
& Co. KG, 89079 Ulm, Germany) equipped with a load cell by Zwick-
Roell (maximum load 10 kN) operated through controllers by Doli
Elektronik GmbH (72525 Miinsingen, Germany). The polished specimen
face was loaded in tension for all specimens.

Specimens of batch 1 were tested with the Ball-on-Three-Balls (B3B)
test [28-31]. The load ball and supporting balls are made of silicon
nitride with a diameter of 7.144 mm. This gives a support diameter of
8.249 mm. Due to the three-fold symmetry of the stress field, special
care was taken to invariably align the specimen to the three supporting
balls. All tests of batch 1 were conducted at approximately 24 °C and a
relative humidity of approximately 50 %, with a constant crosshead
speed of 0.5 mm/s, which lead to times to failure of approximately 7 s.
Specimens of batch 2 were tested with the Ball-on-Ring (BoR) test
[31-33]. The support ring diameter was 17 mm, and the loading ball
diameter was 19 mm. Both were made from steel. Due to the axisym-
metric stress field, invariable specimen alignment to the fixture would
theoretically not have been necessary, but was still implemented. All
tests of batch 2 were conducted at approximately 23 °C and a relative
humidity of approximately 30 %, with a constant crosshead speed of
2 mm/s, leading to failure within 10s. For both strength testing
methods, regular stress evaluation [30,34], which are valid for isotropic
materials, could not be utilized due to the anisotropic material proper-
ties of MgO single crystals. Instead, Finite Element Analysis (FEA) had to
be utilized (see Section 2.3). For the B3B-tests, corrections for non-linear
effects were utilized as well.

Fractographic analysis was conducted with a SZH10 stereomicro-
scope (Olympus K.K., 163-0914 Tokyo, Japan) and with a Leica S9i
stereomicroscope (Leica Camera AG, 35578 Wetzlar, Germany). Images
of fracture surfaces were captured with a BX—50 light microscope by
Olympus K.K. Weibull analysis was performed according to [35]. Data
analysis was conducted with Mathematica 14.0 (Wolfram Research Inc.,
Champaign IL 61820-7237, USA).

2.3. Finite element analysis models

In order to assess the stress field during the B3B- and BoR-test for
anisotropic specimens, Finite Element Analysis was utilized. For both
strength testing methods, a model was implemented in ANSYS R23.2
(ANSYS Inc., Canonsburg PA 15317, USA) through a script written in
Ansys-Parametric-Design-Language (APDL). A mesh convergence anal-
ysis was performed for both models to ensure a sufficiently small
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element size. Linear elastic material behavior was assumed, and the
elastic constants for the cubic MgO are given through c¢;;
= 298.960 GPa, c12 = 96.420 GPa and c44 = 157.130 GPa [36]. For the
given geometries, an ideal edge length of 10 mm and 25 mm, respec-
tively, was assumed. To consider variable specimen thicknesses, para-
metric FEA results over the observed range of thickness values were
generated and interpolated.

The model representing the B3B-test is depicted in Fig. 2a). The load
introduction was realized through a punctiform load in the center of the
plate. The plate’s displacement is constrained through punctiform nodal
boundary conditions representing the support balls. The model was
meshed with 241220 SOLID186 elements (20 node hexahedral ele-
ments) and 1011954 nodes. The resulting stress field is shown in Fig. 3
(left). The maximum tensile stress is found on the surface in the center of
the plate and is 6.40 MPa for an ideal thickness of 0.55 mm and a load of
1N. To ease comparison between stress field characteristics, the
maximum tensile stress will be normalized to the applied load from this
point on, i.e. 6.40 MPa/N.

The model representing the BoR-test is shown in Fig. 2b). Again, the
load introduction was realized through a punctiform load in the center
of the plate. The plate’s displacement is constrained through a chain of
punctiform nodal boundary conditions representing the support ring.
The model was meshed with 38080 SOLID186 elements and 169685
nodes. The resulting stress field is shown in Fig. 3 (right). The maximum
tensile stress is found on the surface in the center of the plate and is
7.62 MPa/N for an ideal thickness of 0.55 mm. Note the distortion of the
usually axisymmetric stress field (in the case of isotropic materials) due
to the material’s anisotropy.

While both models include the crystal’s anisotropy, there are other
effects that are not taken into account. First, the boundary conditions
represent an idealized case, where the finite contact area between
fixture and specimen is not considered. It has been shown that an in-
crease in contact area between the loading ball and the specimen de-
creases the maximum tensile stress in the plate [30]. Additionally, single
crystal MgO is prone to plastic deformation in Hertzian contact situa-
tions, which is also not considered with a linear elastic material model.
Thus, the maximum tensile stress determined for each strength testing
method is slightly underestimated. However, a qualitative analysis of
the stress field itself and the differences in strength between different
samples is still valid, as fracture loads are reasonably similar for all
samples.

Note that a model reduction due to symmetry conditions was not
considered for these models, as the underlying code is built for any
crystal symmetry in any orientation, and thus overall testing symmetry
is usually not given. However, in the specific cases discussed in this
work, the B3B-model could have been reduced to a half-model and the
BoR-model could have been reduced to a quarter-model.

3. Results and discussions

As briefly mentioned in the introduction, two trials were carried out.
The results of batch 1, which were obtained with the Ball-on-Three-Balls
(B3B) test, were essential for the design and success of the second trial,
conducted with the Ball-on-Ring (BoR) test. Thus, each trial will be
presented and discussed separately, starting with batch 1 in the
following sections.

The initial choice to utilize the B3B-test was based on the following
considerations. First, a very localized stress field with the maximum
tensile stress located in the center of the dislocation-engineered region
was necessary. Second, the B3B-test is well researched in terms of geo-
metric and contact non-linearities [30], which were expected to occur
with these specimens. Third, FEA-code for such a loading setup (which is
crucial due to crystal anisotropy) was readily available and has been
validated/developed over the past two decades [28-30,37].
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Fig. 2. FEA models utilized in this work. The model for the B3B-test is shown in a), and the model for the BoR-test in b).

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Omax

Fig. 3. Stress fields for B3B specimens (left) and for BoR specimens (right). The
colors indicate the magnitude of tensile stress in 10 % percentiles, with blue as
the regions with lowest (0 % —10 %) and red as the regions with highest (90 % -
100 %) stress. Gray regions indicate compressive stresses. Ball positions for the
B3B-test are marked with pink crosses, and the support radius is given in white
for both testing setups.

3.1. Batch 1: Ball-on-Three-Balls (B3B) testing

3.1.1. Results

The results of Weibull analysis for samples B3B—0 and B3B—10 are
given in Table 2 and are shown in Fig. 4.

For both samples, the confidence intervals overlap, thus no signifi-
cant difference in strength or Weibull modulus is observed. This is also
confirmed by Fig. 4, where strength results in the Weibull diagram
overlap and no noteworthy outliers are present.

Fractography was conducted on all specimens to analyze fracture
patterns and to identify the positions of fracture origins. As shown in
Fig. 5a) and b), specimens fractured along {100}-type cleavage planes,
which are orthogonal to each other. With increased failure loads, an
increase in the number of fragments was observed. In most cases, the
primary fracture runs parallel to an edge and to a straight line

Table 2
Results of statistical analysis of batch 1: Average fracture load P and average
strength omean With their respective standard deviation, characteristic strength
00, unbiased Weibull modulus my, with 90% confidence intervals in square
brackets.

Sample [-] P [N] Gmean [MPa] 6o [MPa] My [-]
B3B-0 97 £11 591 + 65 618 [596—641] 11.0 [8.1 - 15.0]
B3B-10 97 £ 8.6 603 + 52 625 [606—644] 13.7 [10.0 - 18.7]
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Fig. 4. Weibull diagram for samples of batch 1. Specimens that fractured in the
center are marked with a green filling.

connecting two of the supporting balls, i.e. along [010] as displayed in
Fig. 5a) and b).

For both reference and dislocation-engineered samples, the majority
of fracture origins (19 out of 20 specimens for B3B—0, 18 out of 19
specimens for B3B—10) were found to be located at the edge of the
specimen, as depicted in Fig. 6a). For each sample, only a single spec-
imen fractured in the center, as shown in Fig. 6b). The data corre-
sponding to these specimens are also marked (in green) in Fig. 4, and
both display moderate strength within the observed range of strength
values.

3.1.2. Discussion

Fracture analysis was crucial to explain the lack of difference be-
tween the strength and Weibull modulus of the reference and scratched
samples. Most specimens fractured from edge flaws, and not from the
scratched region with an increased dislocation density in the specimen’s
center. Since the edges are of the same surface quality in both samples,
no difference is expected for such a failure mode. Through FEA, the
maximum stress in the center was determined to be 6.40 MPa/N. For
typical positions of failure, as highlighted in Fig. 5a), a tensile stress in
the range of 1.41 MPa/N to 1.58 MPa/N acts at the specimen edge.
While this is only 25% of the maximum tensile stress in the center,
specimen edges were of much worse quality than expected and edge
failure ensued.

Additionally, a deviation from linear elastic behavior during loading
was observed, as displayed in Fig. 7. To discern between the non-
linearities of the overall testing setup (since only the crosshead
displacement was measured) and the non-linearities that can be attrib-
uted to the material, the load-displacement curves of specimens with
linear-elastic behavior were recorded as well. These specimens were
made from heat treated high-speed-steel (HSS-DMO-5) in the exact
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Fig. 5. Macroscopic fracture pattern of specimens from sample B3B—0. A low load fracture is given in a), and a high-load fracture is shown in b). The white ring is an
adhesive tape, and the red marking helps with specimen alignment to the three supporting balls. Both aids were applied prior to testing and to the compression
loaded face. Ball positions are marked with pink crosses. Typical positions of failure origins (edge failures) are marked with yellow circles.

Tension

Fig. 6. Fracture surface of a specimen of sample B3B—0 with an edge failure in
a) and a central fracture origin in b). Fracture origins are marked through the
white arrows.

80 ——
— B3B0 / L]
— B3B-10 /
601 — yss
z.
g 40 /
Q
a

20/

((‘5.00 0.01 0.02 0.03 0.04 0.05 0.06
Crosshead displacement [mm]

Fig. 7. Load-displacement curve for two B3B-specimens, with the black line
representing a reference specimen (from sample B3B—0) and the red line rep-
resenting a dislocation-engineered specimen (from sample B3B—10). The green
line represents the specimen made from HSS. Note that the displacement is
obtained through the crosshead displacement.

same geometries as the MgO-specimens and tested with the same testing

parameters. HSS was chosen due to its similarity in Young’s modulus to
MgO (as can be seen from the initial section of the loading curve) and
high yield strength. The load-displacement curves of MgO show a sig-
nificant decrease in slope (nearly plateauing), which can be attributed to
plastic deformation of the specimen in the highly stressed regions (in the
regions of ball contact or in the region of maximum tensile stress). Still,
the fracture itself was clearly brittle and showed no signs of ductile
failure.

In order to properly assess the influence of an increased dislocation
density on the measured strength, it is crucial that edge failure is avoi-
ded and that plastic deformation in contacting regions with the fixture is
minimized. While an increase in edge strength would be one option, the
specimen fabrication process is not in the authors’ control. Thus, the
testing procedure needs to be reworked to ensure failure from the
dislocation-engineered regions in the center of the specimen.

3.2. Batch 2: Ball-on-Ring testing

To address the issues encountered in batch 1, the strength testing
procedure was adapted for batch 2. To decrease plastic deformation in
the contacting region of the loading ball and the specimen, the material
and diameter of the ball were adapted. Instead of silicon nitride, a less
stiff steel ball was utilized. This decreased the maximum tensile stress
(according to Hertzian contact theory [38]) by 10% for a load of 100 N.
By increasing the ball diameter from 7.1 mm to 19 mm, contact stresses
were reduced by another 48% for a load of 100 N. To decrease plastic
deformation in the contacting regions of the support balls to the spec-
imen, a ring with a diameter of 17 mm was utilized instead. Through this
shift to a Ball-on-Ring configuration, the contact area to the specimen
was increased and contact stresses were reduced by 71% for a load of
100 N (again, determined through Hertzian contact theory [38]). Most
importantly, to decrease the risk of edge failure, the specimen geometry
was adapted. The edge length was increased from 10 mm to 25 mm,
without any change in specimen thickness. Through these measures, the
maximum tensile stress in the center of the specimen was raised from
6.40 MPa/N to 7.62 MPa/N, and the maximum tensile stress at the
specimen edges was decreased from 1.58 MPa/N to 0.65 MPa/N.
Compared to the previous testing setup (a maximum edge stress of about
25% of the maximum tensile stress), the edge stresses were significantly
reduced, to about 8.6% of the maximum tensile stress. Through the
increased leverage (and thus increased maximum tensile stress per
applied load) compared to the previous setup, lower absolute loads are
necessary to achieve a certain stress level, which also counteracts plastic
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deformation.

3.2.1. Results

The results of statistical analysis for the samples BoOR—0, BoR—1 and
BoR—10 are given in Table 3 and are shown in Fig. 8. Due to the smaller
sample size, average values instead of Weibull parameters are given.
Overall, a decrease in strength from BoR—0 (reference sample) to
BoR—1 (single scratch pass) to BOR—10 (ten scratch passes) is observed.

To better understand these results, fractography was performed
through optical light microscopy for all specimens to discern fracture
patterns and positions of fracture origin. SEM analysis of fracture sur-
faces was conducted as well, but yielded little additional information in
the context of this work. Additionally, cleaning the specimens proved to
be exceptionally difficult due to the delicacy of the specimens and
subsequent surface contamination.

Again, specimens fractured along cleavage planes, as shown in
Fig. 9a), b) and c), but high strength specimens also showed fractures at
approximately 45° to the orthogonal fractures, as shown in in Fig. 9a)
and b). In general, a significant increase in the number of fragments
compared to batch 1 was observed. Similar to batch 1, primary fracture
was found to be parallel to one of the specimen’s edges, i.e. along the
major cleavage planes. However, no preference for horizontal or vertical
orientations of the primary crack in relation to the scratch tracks (see
black markings in Fig. 9) was observed.

Instead of a categorization into central fracture and edge fracture, as
applied for the results of batch 1, a more detailed breakdown was uti-
lized for batch 2. No edge failures could be determined, but additional
categories for central fracture were necessary instead. Several specimens
exhibited a fracture origin on the compression loaded side (see
Fig. 10a)), indicating failure due to contact stresses in the region of load
introduction. A few specimens featured fracture origins within the bulk
instead of the tensile surface, as shown in Fig. 10b). These specimens are
categorized as “contact failure” and “bulk failure”, respectively.

Additionally, a distinction for surface failures of specimens with
scratch tracks is introduced. Specimens with the primary crack parallel
to the scratch tracks were categorized into the group “parallel failure”
(see Fig. 11a)), whereas specimens with a primary crack orthogonal to
the scratch tracks were grouped as “orthogonal failure” (see Fig. 11b)).
These failure types can be clearly distinguished on the fracture surfaces:
note the unbroken line and well-defined area just beneath the tensile
surface of Fig. 11a) and c), which is parallel to the scratch tracks, and the
wavy structure beneath the tensile surface of Fig. 11b) and d), which
represents a cross section of the scratch tracks.

In addition to the aforementioned categories, the fracture origin of
some specimens could not be explicitly determined, which were thus
grouped as “unknown”. The application of this categorization is sum-
marized in Fig. 12 where the strength of all specimens in samples
BoR—0, BoR—1 and BoR—10 is plotted.

3.2.2. Discussion

The application of this categorization allows for identifying the
outliers and conducting a censored evaluation. In the context of this
work, only failures from the tensile surface in a region with an increased
dislocation density are relevant. Therefore, contact failure and bulk
failure are not relevant for this investigation, and the respective results
can be disregarded for the censored analysis. Similarly, if the fracture
origin cannot be determined, results are also not taken into account.

Table 3
Results of statistical analysis of batch 2: Average fracture load P and average
strength omean With their respective standard deviation.

Sample [-] P [N] Omean [MPa]
BoR-0 131 £22 1037 + 204
BoR—-1 112 + 30 920 £ 252
BoR-10 94 +14 783 £ 159
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Fig. 8. Average specimen strength (filled markers) of all samples of batch 2 and
respective individual values (open markers).

Thus, only the groups “surface failure”, “parallel failure” and “orthog-
onal failure” from Fig. 12 are considered. The average strength of the
remaining specimens after censoring along the unaltered average
strength is given in Table 4 and plotted in Fig. 13. The larger scatter of
strength values was expected and is well documented in literature
[39-43].

Apart from sample BoR—1, the standard deviation generally
decreased through censoring. In addition, an increase in dislocation
density led to an increase of surface failures. In BoR—0, only 4 surface
failures were observed, while 8 specimens failed from the surface in
BoR—-10. Furthermore, most of the failures in BoR—10 occurred
orthogonally to the scratch tracks, while the majority of surface failures
in BoR—1 were parallel to the scratch tracks.

Again, a deviation from linear elastic behavior during loading was
observed, as evident from Fig. 14a). As with batch 1, a comparison to a
specimen made from HSS (same dimensions as the MgO specimens in
batch 2) clearly shows the non-linearity of the material. To aid a com-
parison of batch 1 and batch 2, Fig. 14b) shows the load over the
normalized displacement. For batch 2, the load-displacement curves
show a significant decrease in slope only in the low-load regions, with a
linear elastic behavior once 20% of the final displacement has been
passed. This indicates an absence of plastic deformation during testing
after an initial deformation stage. Thus, rough estimates of the
maximum shear stresses caused by contact stresses of the loading ball
were determined. According to linear elastic Hertzian contact theory
[38], a maximum shear stress of 570 MPa during BoR-testing, 1030 MPa
during B3B-testing and 870 MPa during scratching is acting beneath the
relevant contacting sphere. While this is an oversimplification of the
stress field and the mechanisms involved, it helps to put the observed
results into perspective. For batch 1, shear stresses during loading
exceed those acting during scratching, so plastic deformation occurs
beneath the loading ball, which results in a flattening of the load
displacement curves. For batch 2, even for the maximum load, shear
stresses are well below the threshold used in scratching, and specimens
would thus encounter little plastic deformation beneath the loading ball.
Ultimately, this results in linearly increasing load displacement curves.

4. Deductions
4.1. Impact of dislocations on strength

In comparison to previous studies, which reported an increase in
hardness, damage tolerance [24] and crack resistance [25] with
increased dislocation density in mesoscale tests, the observed decrease
in macroscopic strength is unexpected.

This is most likely due to damage and residual stresses that are
introduced during the scratching process. Considering the measured
strength values and a K. of 0.8-1.8 MPa+/m [44-46], a critical crack size
of 0.5 um - 3 pm is estimated by the Griffith-Irwin relationship [47] for
the MgO investigated in this work. This rules out topography as the
origin of fracture, because slip steps, the largest “sharp” features on the
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Fig. 9. Typical fracture patterns of specimens from sample BoR—0 in a), BoR—1 in b) and BoR—10 in c). The black regions are pieces of adhesive tape, and felt tip pen
markings help with specimen alignment to the fixture. Both were applied to the compression loaded face prior to testing. Felt tip pen lines are parallel to the scratch
tracks, if applicable.

Tension

Tension

Compression

Compression

Fig. 10. Invalid types of failure with contact failure shown in a) and bulk failure shown in b). Note that a) does not show the edge of the specimen, but rather the
edge of a fragment that was located close to the specimen center. White arrows mark the fracture origins.

Tension Tension

Tension Tension

Fig. 11. Two distinctly different types of failure from sample BoR—10 with “parallel failure” shown in a) and “orthogonal failure” shown in b). A detail of a) (marked
in yellow) is given in c), and a detail of b) is given in d). Fracture origins are marked by white arrows.
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Fig. 12. Individual specimen strength for all samples with color-coded results
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Table 4

Average strength and standard deviation of specimens before (6mean) and after
censoring (Omean, cens)- After censoring, 4, 6 and 8 specimens were utilized to
calculate the mean strength for samples BoR—0, BoR—1 and BoR-10,
respectively.

Sample [-] Omean [MPa] Omean, cens [MPa]
BoR—-0 1037 + 204 931 +179
BoR-1 920 + 252 960 + 323
BoR—-10 783 +£ 159 722 + 70
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Fig. 13. Average specimen strength of all samples (filled markers) of batch 2
after censoring and respective individual values (open markers). The initial
results are shown as grayed markers (left-hand side for each sample).

surface that could act as notches, are only ~10-40 nm in height, as
confirmed by vertical scanning interferometer (Bruker Contour
GT-X500, Billerica, MA 01821, USA). The scratch tracks themselves are
~100 um wide, but only 0.3 ym deep with a circular arc profile in
cross-section, which renders them malign stress concentrators.

a) 140

120
100
80
60
40
20

Load [N]

Crosshead displacement [mm]

8.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
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While no cracks through the application of cyclic Brinell scratching
have been reported so far [13,25], a certain degree of sub-surface
damage is still possible. A very likely form of this damage during
indentation experiments in MgO is the creation of immobile dislocation
junctions (Lomer locks), which cause pile-up events according to Keh
et al. [17,48]. During plastic deformation under an indenter, disloca-
tions from two different active glide planes spontaneously react to form
a new dislocation segment on a third, non-active glide plane. Keh et al.
showed that this reaction is favourable by lowering the total energy
[17]. Additional incoming dislocations from the two original glide
planes are blocked by the immobile lock, piling up in front of this
obstacle and local stress concentrations beneath the surface are formed
[17]. The resulting local stress oy, is of tensile character and can be
crudely estimated using Eq. (1) given in [49]:

[ ] [ ]

Opile—up = 7[(.; (lN_ L/H)b.HL (@)
Here, G is the shear modulus, N is the number of dislocations partici-
pating in the pile-up, b is the burgers vector, v is Poisson’s ratio and L is
the length of the pile-up. Assuming 100-150 dislocations in the pile-up
(based upon a slip step height of ~20 nm, as the burgers vectors need to
add up to this height) and a pile-up length of ~1 um (as was assumed by
Hirth and Lothe in [49]), the pile-up stress can easily reach 2 GPa and
more. Due to the rough assumptions in this model, which could be
refined by extensive transmission electron microscope studies of the
pile-ups beyond the scope of this work, the stress could even be several
times higher. It is unclear whether this stress already initiates a
micro-crack invisible to the characterization methods used here during
scratching. When applying the macroscopic bending however, the
Lomer locks should be considered as critical defects that might become
the origin of fracture.

The concentration of the Lomer locks scales with dislocation density
and is also apparent by the hardness increase (i.e. work hardening) that
was previously reported [24]. While global surface residual stresses (up
to 2 GPa [25]) have been found to be introduced with the used
scratching method [25], they are compressive, which should lead to an
apparent increase in bending strength, not a decrease as observed.
However, in analogy to other surface hardening methods such as shot
peening or deep rolling, a smaller region of tensile stress beneath the
compressively loaded region is observed, which would further increase
the criticality of local sub-surface stress concentrations. As mentioned
above, the stress concentrations caused by Lomer-locks might dominate
locally over the residual stress, as they are of the same order of
magnitude.

Furthermore, different time scales are involved during failure. On
one hand, a crack accelerates to the material’s speed of sound

b) 140 ‘
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100} | — Bor-0
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g _.._-_-_-_-_-_-_-.-.-. ________
g 60
—

40

20

0

0.0 0.2 0.4 0.6 0.8 1.0
Normalized displacement [—]

Fig. 14. a) gives the load-displacement curve for two BoR-specimens, with the black line representing a reference specimen (from sample BoR—0) and the red line
representing a dislocation-engineered specimen (from sample BoR—10). The green line represents the specimen made from HSS. b) gives the load-displacement curve
for both B3B- and BoR-specimens. Note that the displacement is obtained through the crosshead displacement and that it is normalized to the maximum displacement

of each curve.
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(approximately 5100 m/s for {100} planes in MgO [50]) within the
specimen. On the other hand, the dislocation speed is typically in the
range of 0.1 um/s to 1 pm/s [51]. Thus, there could be interaction in the
first few ms leading to a short period of stable crack propagation.
However, the minimum energy required for crack propagation (crack
surface energy 2y) is in the range of the shielding effect of ~500
perfectly mobile dislocations [24]. Therefore, the time frame in which
the crack is still in comparable velocity is not long enough to interact
with these dislocations. This is especially true for the specimens in this
work, as dislocations are hindered in their mobility due to the ultra-high
dislocation densities.

In that regard, this work did not manage to assess the isolated impact
of an increased dislocation density on the macroscopic strength, as the
influence and damage of the scratching technique on the measured
strength cannot be separated from the influence of an increased dislo-
cation density. However, at the time of writing, this technique is the only
feasible method to introduce high-density dislocations in a uniform
manner on a macroscopic scale at room temperature.

For future work, other stress states, like uniaxial bending, and
specimen annealing (to reduce the effect of residual stresses) are of in-
terest. In addition, the impact of other techniques for dislocation
introduction at room temperature needs to be investigated as well.

4.2. General findings for strength testing of ultra-high strength plates

In the course of this work, several crucial aspects for accurate and
reliable strength testing of high-strength plates emerged, which are
briefly discussed in the following points:

1. For high strength specimens, edge failure takes on an increasingly
important role. Even though biaxial testing of discs and plates is
generally well known for its tolerance against edge failure, batch 1
almost exclusively failed due to flaws at the edges. Ultimately, a
considerable enlargement of specimen size, specifically specimen
overhang, reduced edge stresses to an acceptable level. Conse-
quently, edge quality can also be improved through alternative
manufacturing or machining methods.

2. In this work, it was demonstrated that the occurrence of edge failure
could only be proven through fractographic analysis. Therefore, it is
essential to ensure suitable conservation of specimen fragments to
allow for proper post-mortem analysis. Adhesive tape that is applied
to the compression loaded face has proven to be a reliable, cost
effective and versatile tool for this purpose. Furthermore, it does not
interfere with the accuracy of strength testing itself. While the use of
adhesive tapes is considered standard practice in some institutions
(and is as such not a novel scientific conclusion), it is often over-
looked, which is why the authors wanted to reiterate on this topic
here.

3. Within the scope of strength testing of high strength specimens, non-
linear effects are especially relevant for thin and flexible specimens.
In this context, non-linearity refers to a deviation from the linear
relationship between the applied load and the maximum tensile
stress. Such non-linear effects occur for significant specimen defor-
mation through changes in leverage, or through a change in load
application, as described in [30]. As observed in this work, plastic
contact deformation can also cause non-linear behavior. Addition-
ally, membrane stresses (i.e. a radial elongation of the neutral axis in
the case of biaxial plate testing) become increasingly relevant. They
are not considered through conventional descriptions of stress fields
in biaxial strength testing methods, which are based on linear plate
theory (Ring-on-Ring test, Ball-on-Ring test, Piston-on-Three-balls
test [34,52-55]) or linear FEA (Ball-on-Three-Balls test,
Three-Balls-on-Three-Balls test [28,56]). For all these effects, a linear
analysis would overestimate the applied stress. Thus, if non-linear
effects are not accounted for, the specimen’s strength is also
overestimated.

Journal of the European Ceramic Society 46 (2026) 118684

4. In the case of strength testing of single crystals, the anisotropic
elastic properties must be regarded as well. If isotropic properties
(Young’s modulus E = 210 GPa, Poisson’s ratio v = 0.25) are
assumed for specimens of batch 1, the maximum tensile stress in the
center increases by 15%. Furthermore, edge stresses are reduced by
20%. Overall, an isotropic analysis would falsely imply a signifi-
cantly lower risk for edge failures. In the end, this simplification
could be detrimental for accurate and reliable strength testing.

These aspects are especially important for a multitude of current and
relevant types of brittle specimens, like high-strength glasses (low
Young’s modulus) and single crystals utilized in the semiconductor in-
dustry (high strength, anisotropy of elastic properties).

5. Summary

The impact of dislocations on the structural and functional properties
of ceramics at room temperature is of major interest and has been
investigated in the past years. In the context of mechanical properties,
this was mostly performed on a small scale, which misses the link to bulk
or macroscale testing results due to the vast difference in critical flaw
populations and testing protocols.

Thus, the impact of an increased dislocation density on the macro-
scopic biaxial strength of MgO single crystals was investigated in this
work. The dislocation density was tailored through an established
scratching technique. Two batches of commercially polished MgO plates
with different dimensions were investigated. Due to a preference for
edge failures within batch 1, the testing procedure was adapted for batch
2. Through this modification of the testing protocol, specimens failed as
intended, i.e. within the region of highest dislocation density. A signif-
icant decrease in macroscopic strength with an increase in dislocation
density was observed, while the fractographic patterns changed as well.

The decrease in strength can be explained through the creation of
local stress concentrations. These stress concentrations increase the
criticality of pre-existing material flaws and are formed through Lomer
locks and subsequent dislocation pile-up during the scratching proced-
ure. Additionally, different time scales are involved for crack propaga-
tion and plastic deformation so that the shielding effect of dislocations
could not come into play at the macroscale.
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