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Abstract

Damage initiation and progression in precipitate hardened alloys are typically
linked to the failure of second phase particles that result from the precipitation
process. These particles have been shown to be stress concentrators and crack
starters as a result of both particle debonding and fracture. In this investiga-
tion, a precipitate hardened aluminium alloy (Al 2024-T3) is loaded monoton-
ically to investigate the role the particles have in the progressive failure
process. The damage process was monitored continuously by combining the
acoustic emission method either with in situ scanning electron microscopy or
X-ray microcomputed tomography to obtain both surface and volume micro-
structural information. Particles were observed to fracture only in the elastic
regime of the material response, while void growth at locations predominantly
near particles were found to be associated with progressive failure in the plastic
region of the macroscopic response. Experimental findings were validated by
fracture simulations at the scale of particle-matrix interface.
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investigations. Particularly, digital image correlation
(DIC) has been proven useful to identify strain concentra-

Material damage is a stochastic process that bridges mul-
tiple scales including initiation, nucleation, and growth.
Often, damage investigations are conducted at the lab
scale and focus on the growth of damage in the form of
cracks.'® More recently, a number of investigations have
attempted to link changes at the macroscopic mechanical
behaviour with post mortem microstructural observa-
tions.”'® In several cases nondestructive evaluation tools
have been used to enhance the understanding of material
evolution beyond such load curves and post mortem

tions that appear on the surface during loading allowing
for more detailed investigations of microstructural
changes; however, these investigations largely remain ex
situ.>>™"1 In addition to the observation of surface
changes, the acoustic emission (AE) technique has also
been used in situ, during loading, to identify changes in
the material both on and below the surface.>'*'42?

In this context, various features extracted from AE
data such as amplitude, duration, and frequency content
have been related to individual damage sources by
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identifying the material changes at a range of scales, in
particular for particle fracture in aluminium,’'%-*">*
twinning in magnesium,®'"*® and fibre breakage in
composites,'>*>2® among others.?”*® Specifically, the cou-
pling of DIC and AE has been shown by the authors of
this investigation to be effective in identifying damage
and its location in lab-scale experiments, which lead to
validated conclusions especially in the case of crack initi-
ation in aluminium alloys."*'*

Moreover, the development of small-scale loading
devices capable of fitting inside a scanning electron
microscope (SEM), for example, allows for the observa-
tion of microscale surface changes directly at the time
and scale they occur. In this type of investigations, the
coupling of in situ SEM observations with AE and DIC
as previously reported by the authors made possible the
direct linkage of recorded AE waveforms with the activa-
tion of damage sources at relevant time and length scales,
ie, at the microstructural level.>>**?**7! Using this
approach, particle fracture in aluminium alloys was iden-
tified by the authors to be a predominant early damage
mechanism the activation of which was confirmed by
combining AE, DIC, and SEM data in time intervals in
which all three such datasets were available.**>*

Beyond surface observations, in situ X-ray
microcomputed tomography (u-CT) has been used to
observe the evolution of damage in all three spatial
dimensions over time. Specifically, this technique has
been used to examine crack growth in aluminium,**?°
fibre breakage in fibre-reinforced composite mate-
rials,”®*® and to observe void formation and growth in
aluminium due to thermal loads.*” In addition to observ-
ing the three-dimensional damage evolution, efforts have
been made to couple in situ u-CT investigations with in
situ AE monitoring.?>**° This linkage between a quali-
tative but relatively fast in terms of acquisition rate vol-
ume inspecting damage detection tool (AE) and a full-
field three dimensional imaging tool (u-CT), which, how-
ever, has slower acquisition rates, provides the possibility
to validate AE activity recorded in aluminium alloys and
was previously attributed to particle fracture.

Consequently, this paper leverages the prior related
work by the authors to investigate the nucleation and
evolution of damage in aluminium 2024-T3 by combining
in situ X-ray u-CT measurements with simultaneously
recorded AE data and by comparing such findings with
corresponding measurements obtained by combining AE
with in situ SEM testing and monitoring. Specific hypoth-
eses related to the particle spatial distributions and the
associated formation of voids near them are tested and
are found to provide unprecedented insights to the pro-
gressive development of this ductile failure process. A
related computational model is finally employed to

explain the prevalence of particle fracture over particle-
matrix debonding.

2 | EXPERIMENTAL PROCEDURE

2.1 | Material

An aircraft grade precipitate-hardened aluminium 2024-
T3 rolled sheet with a 2.5 mm nominal thickness was
used in this investigation. The aluminium was used in
the as-received condition, which contains up to 5% Cu,
1.8% Mg, 1% Mn, 0.5% Fe, 0.5% Si, and trace amounts of
Cr and Zn. The particles present in the aluminium were
examined by energy-dispersive spectroscopy; the chemi-
cal content was identified as primary particle types
including Al,Cu,Fe, Al,CuMg, and Al,Cu, which agrees
with related information in the literature.*'**

2.2 | Specimen preparation

Two specimen geometries were used for this work and
are shown in Figure 1. The gage section of both speci-
mens contains an hourglass-shaped section designed with
a radius of curvature of 4 mm to localize damage for in
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FIGURE 1 Specimen geometry for (A) ex situ and (B) in situ X-
ray quasi-static monotonic loading with acoustic emission



situ observations without inducing significant geometric
effects. The gage section is nominally 3 mm long and
2.5 mm thick with the narrowest section at 1.3 mm for
the larger specimen shown in Figure 1A. This specimen
was used for in situ SEM observations coupled with ex
situ X-ray u-CT investigations.”? As such, the surface is
mechanically ground and polished to 0.05 um alumina
suspension resulting in a final thickness of 2.0 mm. In
addition, specimens using the same hourglass-shaped sec-
tion were designed for the in situ X-ray u-CT investiga-
tions (Figure 1B) with the smallest cross section of
the specimen at 0.5 mm X 1 mm to ensure that specimen
failure occurred given the load frame used in this
setup. These specimens were ground to approximately
1 um surface roughness before testing.

2.3 | Mechanical and nondestructive test

setup

Mechanical testing inside the SEM was accomplished
using a GATAN MTEST equipped with a 2.1 kN load cell
at a displacement rate of 0.1 mm/min. A 50 um? field of
view was monitored using secondary electron imaging;
a total of sixteen 50 um” windows were imaged during
load holds. AE was recorded during the entire loading
sequence using two PICO sensors (with operating fre-
quency in 150-750 kHz range). The AE data were
recorded using a PCI-2 data acquisition board with a
threshold of 25 dB using a 100 to 2000 kHz band-pass fil-
ter and 50/300/300 PDT/HDT/HLT settings at a sampling
rate of 10MSPS (million samples per second). All signals
were passed through a 2/4/6 preamplifier set to provide
a uniform 40 dB preamplification across all frequencies.
All hardware and software used for AE monitoring is pro-
vided commercially by MISTRAS Inc.
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Ex situ X-ray scans were performed on this specimen
at the pristine condition as well as after loading at
375 MPa, unloading and removing the specimen from
the load stage. These ex situ scans were performed using
a SkyScan 1272 system with a source voltage of 80 kV, a
current of 125 puA, and an exposure time of 5.5 seconds.
Images were taken every 0.1° through a full 360-degree
rotation resulting in a voxel size of 1.65 ym.

In situ X-ray data were recorded while applying tensile
loading using a customized CT500 electromechanical
loading stage equipped with a 500-N load cell at a rate
of 0.2 mm/min (manufactured by Deben Co. Ltd.). Dis-
placement was measured by the cross head motion
resulting in some compliance issues at the early stages
of loading. The stage was located inside a Nanotom
180 m (manufactured by GE). Figure 2A shows a sample
load curve used for the investigation.

Before each scan, the load was slightly reduced (as
shown in Figure 2A) to allow for material relaxation.
During the scans the applied displacement was held
constant to sustain the deformation induced on the
specimen. Since the load was not removed, full three-
dimensional observations of the particle distribution
and void and evolution were possible to be made. The
X-ray scan was performed at 100 kV resulting in a voxel
size of 2.3 pum. Selected load steps were scanned at
higher voxel resolution of 1.1 um to inspect the micro-
structure in detail. The full details of the X-ray source
settings, scan parameters, and analysis software are
given in Table 1.

An example for the obtained particles distribution is
shown in Figure 2B. The X-ray reconstructed slices were
further used in a digital volume correlation (DVC) analy-
sis performed using a commercially available DVC soft-
ware (VIC-Volume produced by Correlated Solutions,
Inc). For the analysis, a subset of 85 voxels and step size
of 40 voxels was used. Segmentation of each image was

0.5mm

FIGURE 2 A, Load curve with load hold values marked. B, Initial particle distribution [Colour figure can be viewed at wileyonlinelibrary.

com]
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TABLE 1 X-ray characteristics for in situ scans coupled with
mechanical testing

Standard High
CT: Resolution Resolution
Voltage, kV 100
Current, pA 120
Exposure time, s 2 10
#images 10 001 000
Voxel size, um 2.3 1.1

Reconstruction software GE phoenix datoslx

Analyzing software VGSTUDIO MAX 2.1

performed using a custom algorithm based on a gradient
and gray scale threshold to identify particles, voids, and
base aluminium. A gradient map for each slice was
obtained using the Sobel operator to identify edges based
on sharp gradients and eliminating the gradients
resulting from white noise. The area bounded by the
edges was identified as either particle or void based on a
gray value threshold. For this work, particles were repre-
sented by saturated pixels at or near a gray value of 255,
while voids were represented by pixels at or near a gray
value of 0. As the gradient method identified the edges
of either a void or particle, a gray value of 100 was
selected as the threshold for the binary classification of
void or particle.
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AE was monitored during the entire loading sequence
via a KRNBB-PC (KRN services) sensor attached to the
sample via a wave guide as introduced in [40]. Signals
were amplified by a 2/4/6 preamplifier with bandwidth
from 20 to 1,200 kHz and were recorded by a PCI-2 card
at 35 dB threshold at 60 dB preamplification and 10/200/
300 PDT/HDT/HLT settings.

3 | RESULTS
3.1 | Progressive failure monitoring by in
situ SEM level testing combined with AE

Monotonic loading was applied to the specimen for the
SEM part of the investigation. Figure 3 shows the typical
AE activity for the specimens in Figure 1A. The highest
amplitude AE hits occur below 325 MPa, which is below
the yielding point. Figure 3B presents a typical waveform
observed during the early stages of loading, while
Figure 3C shows a typical waveform observed closer to
the end of the loading.

For this experiment, the load was stopped just after the
yield strength, at 375 MPa, ie, after the high-amplitude
AE signals were observed and detailed surface investiga-
tions along with an ex situ X-ray micro-computed tomog-
raphy was performed. This procedure targeted the
identification of damage mechanisms that were responsi-
ble for the observed AE activity. In this context, Figure 4
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FIGURE 3 A, Stress strain curve for a typical scanning electron microscopy (SEM) test overlaid with the acoustic emission (AE) activity. B
and C, Examples of AE waveforms observed during mechanical loading inside the SEM [Colour figure can be viewed at wileyonlinelibrary.

com]



Instances

2137

B
ol ® B Pristine

%0, I Damaged
251
20|
15

104

4 6 8
Approx. Diameter (um)

FIGURE 4 A, Scanning electron microscopy (SEM) micrograph of the monitored surface during in situ SEM loading taken after removing
the load. B, Void evolution obtained from X-ray micro-computed tomography [Colour figure can be viewed at wileyonlinelibrary.com]

revealed a number of expected damage mechanisms for
this metal within the monitored region. Specifically, the
surface was found to be rough, which is a characteristic
of ductile failure. In addition, several slip lines (observed
as lighter gray lines visible everywhere in the region), as
well as voids (indicated by the white boxes) produced by
particle fractures, slip bands (indicated by the dashed
white ellipse), and by grain boundary interactions (indi-
cated by the solid ellipse) were observed. Comparison of
the X-ray scan before and after loading was used to quan-
tify the change in void density as a result of damage. The
histogram in Figure 4B reveals a significant increase in
the number of voids as a result of loading, which agrees
with previous work by the authors.*?

Given the results in this section, it was concluded that
void density evolution can be tracked by the combination
of methods used; however, relating the evolution of such
void density in the volume with the in situ recorded AE
activity and the stress-strain curve of Figure 3 is not fea-
sible unless in situ X-ray data are obtained, which is the
focus of the following section.

3.2 | Progressive failure monitoring by in
situ X-ray p-CT level testing combined with
AE

Tensile loading was applied for the in situ X-ray investi-
gations with load holds at several time instances (as
marked in Figure 2 and marked in Figure 5) to allow
for X-ray scans. A sample load curve overlaid with AE
activity that is representative of the results obtained in
this part of the investigation is shown in Figure 5. These
results were found to be consistent with the correspond-
ing ones reported in Figure 3. In the case of the in situ
X-ray investigation presented in this section, the AE
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FIGURE 5 Stress-strain curve overlaid with acoustic emission
activity for the in situ X-ray investigation [Colour figure can be
viewed at wileyonlinelibrary.com|

activity with the highest amplitude signals occurred
below 350 MPa and hence prior again to yielding which
is indicated by the dashed line. In addition, Figure 5
shows fewer recorded AE signals compared with
Figure 3, which can be explained by the sensitivity of
the selected sensor, the waveguide required to record in
situ AE signals with this setup, and the smaller specimen
size. The data trends, however, remain similar including
increased activity in the elastic regime, which becomes
even more pronounced near yielding. After yielding, the
fewer AE signals indicate a potential change in the dam-
age mechanism; this agrees with the trends observed in
the SEM tests.

The objective of this investigation is to link the
obtained mechanical behaviour and nondestructive eval-
uation measurements with the evolution of surface
microstructure (via in situ SEM observations) as well as
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FIGURE 6 Full field strain evolution inside the volume of the specimen at A, the elastic region B, near yielding, and C, at fracture [Colour

figure can be viewed at wileyonlinelibrary.com]

the evolution of subsurface damage (via the X-ray micro-
computed tomography). In this context, Figure 6 shows
the evolution of longitudinal strain within the volume
of the material using DVC. The results show that no sig-
nificant strain accumulation is observed until after the
yield point with the largest strain accumulation occurring
below the surface. This subsurface dominated evolution
of strain is expected from a ductile fracture process per-
spective and can be linked to specific damage mecha-
nisms by examining the observed damage within each
X-ray scan slice. After fracture, the strain inside the vol-
ume of the material relaxes with the exception of the area
right around the fracture zone that appears permanently
deformed.

Figure 7 shows an example of one subsurface X-ray
slice taken about halfway through the thickness and at
a near yield stress. Microstructural features such as parti-
cles are observed as bright spots, while voids appear as
black spots and the aluminium matrix is depicted in gray.
Two fractured particles were observed, which are circled
in red. One appears well inside the specimen, while the
other is observed at the edge and a crack appears to have
initiated from it. Additionally, voids appear to be forming
predominantly in the middle of the specimen, as expected
in a progressive ductile failure process, while a few other

i 0:1.mm
Scene coordinate system
Frort 1 -z plane]
02

scattered voids can be observed throughout the width.
Upon closer examination, some of the observed voids
were found on the boundary between a particle and the
matrix as indicated at the locations marked within green
boxes. Additional voids were found within the matrix,
near grain boundaries, or other defects.

The microstructural evolution as a function of the pro-
gressive failure process can be tracked by comparing the
X-ray reconstructed specimens to the pristine scan
obtained prior to loading. Figure 8 shows such results
obtained at 400 MPa (Figure 8A), after yielding
(Figure 8B), and after fracture (Figure 8C). Minimal dam-
age is observed prior to the yield point despite the AE
activity trend suggesting that damage is possible to have
initiated somewhere else within the microstructure. The
lack of X-ray observation of damage at this load is
expected as the SEM results reported earlier in this man-
uscript reveal fractures on the same length scale or
smaller compared with the scan resolution making the
detection of such fractures via X-ray tomography chal-
lenging at this scale. However, one particle fracture indi-
cated in the green circle is observed during the initial
plasticity stages along with the appearance of small voids.
Most void formation and growth, however, is observed to
occur between Figures 8B and 8C, which corresponds to

FIGURE 7 X-ray scan showing a crack
nucleating through a fractured particle on
the edge and a subsurface fractured
particle [Colour figure can be viewed at
wileyonlinelibrary.com]|



FIGURE 8 Evolution of fractured particles at A, at 400 MPa, B,
after yielding MPa, and C, after fracture [Colour figure can be
viewed at wileyonlinelibrary.com]

the plastic region of the stress strain curve and suggests
that fractures have grown larger than the minimum scan
resolution allowing for detection. Therefore, a shift occurs
after the yield point from initial fracture to growth events
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explaining the reduction in the number of high amplitude
AE events observed in both SEM and X-ray results. Most
of the void formation is observed to occur near the final
fracture, and the largest voids are observed below the sur-
face as expected from a ductile failure response and as
observed in the DVC results.

The evolution of the voids size and shape in full three-
dimensional space was evaluated using the segmentation
algorithm discussed in Section 2.2 to allow for a quantita-
tive evaluation of the void evolution; the related results
are shown in Figure 9. Specifically, the average size of
the voids is found to increase as a function of loading as
shown in Figure 9A.

The total void density, as discussed earlier, is the
result of both particle fractures as well as debonding of
the particles from the matrix. However, as mentioned
earlier, voids smaller than a few microns are challenging
to be observed due the imaging resolution. The void
distribution was further examined by calculating the
distance between voids and particles with the objective
to identify the fraction of those voids nucleated near
particles, which is a characteristic of the progressive
ductile damage process. Figure 9B shows the computed
distance values between all identified voids and the
nearest particles. These values were obtained by measur-
ing the distance between the centroids and subtracting
the approximate radius of the void and particle. The
approximate radius of both voids and particles was
determined by defining a sphere that contains the same
volume as the measured voids and particles. Small
distance values suggest that the formation of voids was
the result of particle-matrix interaction or particle-matrix
decohesion such as the ones shown in Figure 7. More-
over, larger distances suggest that voids form as the result
of another mechanism such as dislocation buildup on
high misorientation angles between grain boundaries.
As shown in Figure 9B, the majority of such distances
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FIGURE 9 Evolution of A, void size and B, distance between particles and void as a function of load step [Colour figure can be viewed at

wileyonlinelibrary.com]|
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is smaller than 1 voxel, while more of those distances
were found to be in that range with increasing load,
which suggests that voids were nucleated near particles,
which corroborates with what was expected for a ductile
damage process and further justifies the AE activity of
Figure 5.

In addition to identifying the link between particles
and the location of void nucleation, the evolution of the
void shape was quantified and pertinent results are
shown in Figure 10 by fitting an ellipsoid to the voids
and plotting each of the principle axes against the approx-
imate diameter if a sphere was fit to the same volume. A
void would grow spherically if the length measured in
each axis was equal to the approximate sphere diameter.
However, it can be seen in Figure 10 that as further load-
ing is applied, the size of the voids increases and a larger
deviation between the principle axes and the approximate
diameter is observed. More specifically, the first two prin-
ciple axes are observed to be much larger than the
approximate diameter, while the length of the third axis
is smaller indicating voids becoming wider and thinner
especially after yielding (>350 MPa).

4 | DISCUSSION

The stored energy during the ductile damage process is
redistributed as a result of local microstructure changes
associated with plasticity and damage. In the case of
precipitate-hardened materials such as the Al 2024-T3
investigated, the harder and stiffer particles that are
added to increase the strength of the material carry most
of the applied load while the Al matrix surrounding the
particles has higher strain.***** This effect caused by
the mismatch in material properties has been demon-
strated to lead to particle fracture.>****! In addition, pre-
vious work by the authors using in situ SEM observations
coupled with AE activity and DIC strain measurements
under both monotonic and cyclic loading provided
quantitative evidence related to such connection.*****!

4  Voids_0 MPa

244

In particular, particle fracture was observed to produce
detectible AE activity that was linked directly to the
observation of such fracture events.

The AE activity presented in this manuscript and the
in situ microstructural observations provided by X-rays
indicate that the initial stages of damage occur prior to
yielding and are the result of particle fracture. These
particles are strong (compared with the surrounding
matrix) but brittle, and consequently, as the material
deforms, these particles carry the majority of the applied
load. Hence, the results in this investigation suggest that
prior to yielding, particle fracture is the dominant mecha-
nism leading to the formation of voids. Additional voids
were also seen to appear as the result of dislocation
buildups and debonding between particles and the alu-
minium matrix; however, such voids do not seem to occur
until or after the yield point.? After yielding, it was shown
(e.g., Figure 8) that void growth controls the damage pro-
gression. Void growth at this scale is expected to be a less
dominant AE source due to both the size of the voids as
well as because void growth is a less abrupt effect com-
pared with particle fracture; this remark partially explains
why the AE activity is drastically reduced in the plastic
region (see, eg, Figure 5). Previous studies have shown
large amounts of AE activity in this region, but these
studies were conducted on larger specimens where the
crack is large enough to produce detectible AE signals.""?

To further elaborate on this point, ie, the competing
ductile fracture mechanisms and their associated energy,
the authors previously utilized physics-based finite ele-
ment modelling to examine the effect of material proper-
ties and associated particle or matrix fracture to provide a
theoretical justification for the in situ observed micro-
structural changes reported in their work.** To expand
on such theoretical investigation, a crystal plasticity
finite element method (FEM) approach coupled with an
XFEM formulation was used to conduct a wave propaga-
tion investigation and simulate the physical sources of AE
in the ductile fracture process investigated in this manu-
script. Details on the way these simulations were set up
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are provided in Appendix A for completeness; however,
emphasis is given herein on the results of such numerical
analysis. For this study the particle was assumed to be a
10 um diameter sphere embedded in a 1000 wm single
crystal of aluminium (Figure 11A). By treating the parti-
cle as a homogeneous material and changing the modu-
lus of the aluminium matrix to simulate hard and soft
crystal orientations, the fracture location was observed
to change, while the size of the fracture remained approx-
imately consistent as seen in Figure 11B.

A softer matrix would result in a shift of the damage
mechanism from particle fracture to matrix fracture or
particle debonding as also shown in Figure 11B. In both
cases the size of the fracture zone was found to be about
the same (2.16 um for particle and 2.73 pum for matrix
fracture).

To better quantify parameters associated with the
stress wave induced by such fracture events, the full field
wave propagation for the case of particle fracture is
shown in Figure 11A. The XFEM implementation in the
commercial software Abaqus requires an implicit FE
formulation. As a dynamic analysis is computationally
expensive, a coupled simulation technique in Abaqus is
used-one which uses an implicit formulation for the par-
ticle domain and an explicit formulation for the matrix
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domain. Further, it couples the parts using a lock-step
coupling scheme as explained by the Abaqus User Man-
ual.** In a lock-step co-simulation, each individual simu-
lation undergoes an increment independently and then
the communication between the simulations take place
after each increment, as in the lock-step method or after
a number of increments as determined by the analysis
in the subcycling method. A quasi-static displacement
boundary condition of 1.729 pm was determined to be
sufficient to attain the required stress state to initiate frac-
ture in the domain. The final model of 962 500 nodes
would have been computationally expensive to run as
the fracture initiation using XFEM requires an implicit
domain. To this aim, a quasi-static step with mass-scaling
was considered in the explicit domain to simulate the
load increment till fracture. The time increments were
set to 0.1 ns to completely resolve the wave signals for a
duration of 100 ns.

Although all three components of displacement,
velocity, and acceleration could be computed, in this case
the velocity component in the x-direction (V1) is plotted
in Figure 11C as a function of time demonstrating the
wave propagation in the form of travelling wavefronts.
Figure 12 provides additional information related to wave
propagation shown in Figure 11C by plotting the time
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FIGURE 11 A, Finite element analysis boundary value problem used to investigated the competing ductile fracture mechanisms; B, the
two possible damage mechanisms including particle and matrix fracture; C, stress wave propagation following a particle fracture event

[Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 12 Amplitude and frequency evolution (wavelet transform) of the wave propagation induced by A, particle fracture and B, matrix

fracture [Colour figure can be viewed at wileyonlinelibrary.com]

series representing the oscillation of a single point
near the particle-matrix interface marked with “S” in
Figure 11.

In the waveforms of Figure 12 the most interesting
remark that can be made is the fact particle fracture
events appear to produce waves with an amplitude that
is found to be an order of magnitude higher compared
with the matrix fracture case, which provides theoreti-
cally evidence related to the AE from void formation near
the particle-matrix interface and the challenges to detect
it, as mentioned earlier. It should also be noted that the
frequency range (GHz) of the waveforms shown in
Figure 12 can be explained by the length scale of the
fracture source (~2 um) of ductile fracture that leverage
AE,>°® while the fact the experimental AE data are in a
different range (kHz) can be explained by attenuation
(due to travelling longer distances in the material),
scattering (due to interactions with multiple particles,
defects etc.), and sensor (each sensor adds its own
filtering). Nevertheless, the simulation results provided
do provide insights on the different failure mechanisms
involved in this ductile fracture process.

5 | CONCLUSIONS

The investigation presented in this article focused on
monitoring particle fracture in a particular precipitate
hardened aluminium alloy, since it has been accepted
and demonstrated that such type of small-scale fracture
is a predominant source of damage during the early stages
of the ductile fracture process. To the authors best
knowledge, the progressive activation of such ductile frac-
ture mechanism had not been investigated in situ and
inside the volume. Consequently, the authors leveraged

their prior related work and used the AE method in
combination with both in situ SEM and in situ X-ray
computer micro-computer tomography. The results
presented confirm, for the first time that particle fracture
indeed occurs throughout the volume and mostly before
yielding, while void growth appears to dominate the duc-
tile process post yielding. Aspects of the experimental
findings were theoretically validated by a computational
model capable of investigating the competing activation
of particle versus matrix fracture at the scale of particle-
matrix interface, while also providing associated wave
propagation results.
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APPENDIX A

The crystal behaviour of the aluminium matrix is cap-
tured using a rate-independent crystal plasticity user
material subroutine developed by Anand and Kothari.*®
This is used to consider the different orientations of the
aluminium crystal-with [001] being the “soft” orientation
and [111] being the “hard” orientation. Using the consti-
tutive relation from the subroutine, a boundary value

problem is solved using the standard finite element
method (Equation Al)

KU = F, (A1)

where U and F are the displacement vector and the
force vector respectively; K is the global stiffness matrix
computed using the strain-displacement matrix B™ and
the constitutive relation matrix C™ as shown in
Equation A2

K=Y j BT c(m) g(m) gy, (m)
m yy(m)

(A2)

The analysis is run till the shear stress in the geometry
attains the critically resolved shear stress for the alumin-
ium matrix for the given orientation. This leads to the
activation of the slip planes in the aluminium crystal,
which lead to different strain localization for the consid-
ered orientations.?* To identify where a fracture will
occur and how the strain localization influences the loca-
tion of fracture requires the model to be able to initiate
fracture anywhere within the domain. An extended finite
element formulation is used in which the domain is
enriched using phantom nodes, thus allowing for inde-
pendent fracture initiation anywhere within the domain
if it meets the required mesh resolution.** To incorporate
the enriched formulation, the output of the crystal plas-
ticity model is transferred to a continuum plasticity
model. The continuum homogeneous material property
of the aluminium matrix for the given single crystal ori-

entation is computed using Equation A3.*®
1 g
E fuvw) 1

1
=811 — 2(Su —S12— 5344) (lfli + l%l% + lil§)7
(A3)

where Egyw; is the elastic modulus in the {uvw} direction;
511, S12, and sy44 are the components of the compliance ten-
sor S; and [, I,, and I; are the direction cosines of the
loading axis with respect to the crystal coordinate axes.
The deformed mesh from the previous model is used as
the geometry input for the new analysis. The stress state
from the crystal plasticity is applied as the initial stress
state, 7., of the new analysis. The new stress state, 7, is
therefore computed as shown in Equation A4.

where ¢ is the strain computed in the new analysis. A
number of equilibrating increments is required to check
and allow for equilibrium of the new model after the
introduction of the stress state of the crystal plasticity
model as an initial stress state. A damage initiation

(A4)



criterion was assigned to initiate fracture. Thereafter, the
loading is continued till the fracture occurs.

As seen in the paper by Wisner et al,>* the location of
the fracture varies depending on the crystal orientation of
the aluminium matrix. These models were run in 50 um
matrix domain with a particle embedded in the centre
of size 10 um. A uniaxial loading with a displacement of
1 pm for the CP model and 0.33 pum for the continuum
model were applied on the nodes and the opposite face
was constrained. The whole domain was discretized to
10 688 elements.

To study the effect of wave propagation without the
effect of reflections, a 1 mm (=1000 wm) cubic domain
was considered. To reduce computational cost, an octant
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domain was studied. To incorporate the enriched formula-
tion, the domain near the particle was considered as an
implicit domain and the remaining volume was set as an
explicit one. The domains were concurrently coupled for
the structural analysis. The domain was loaded to a dis-
placement of 1.729 um to attain the stress state required
for fracture. Thereafter, this model was transferred to the
co-simulation domain and a quasi-static uniaxial loading
of 0.068 nm was considered for a duration of 0.05 ns. The
model was loaded till the fracture event occurred. As soon
as the crack increment was completed, it was switched to a
new dynamic step where the load was held constant
and the energy released from the fracture was allowed
to propagate as stress waves for a duration of 0.1 us.



