Characterization of Damage Evolution in SiC Particle
Reinforced Al Alloy Matrix Composites by In-Situ X-Ray
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We carried out a detailed investigation of the damage behavior of SiC particle reinforced
2080 Al alloy matrix composites by in-situ X-ray synchrotron tomography. We studied the
tensile damage behavior of a peak-aged aluminum matrix composite. The main damage mode
was SiC particle fracture with a very small contribution from void growth. The onset of damage
takes place very close to the ultimate tensile strength of the composite. Particle fracture damage
is stochastic in nature and is confined to a small distance from the fracture plane. Minimal void
growth is observed, primarily at pre-existing microscopic voids from processing. Microstruc-
ture-based simulations, based on two-dimensional (2-D) images from the tomography data sets,
show the importance of particle distribution and morphology on the evolution of plastic strain

and damage in the composite.
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I. INTRODUCTION

THE field of materials science and engineering is
based on the fundamental principle that microstructure
controls properties. Traditionally, the study of material
structure was limited by two-dimensional (2-D) analy-
ses. This approach is often inaccurate or inadequate for
solving many cutting-edge problems. In addition, it is
often laborious and time-consuming. We can now use
three-dimensional (3-D) tools and analyses to resolve
time-dependent four-dimensional E4 D) evolution of a
variety of important phenomena.l'! These include an
understanding of time-dependent deformation struc-
tures, compositional information, magnetic domains,
interfacial reactions, etc. Furthermore, advances in 3-D
and 4-D computational tools and methods enabled the
analysis of large experimental data sets, as well as
simulation and prediction of material behavior. Figure 1
shows a variety of techniques, as a function of length
scale, used to characterize materials in three dimensions.

The design and development of high-performance
composites requires a thorough understanding of micro-
structure and its effect on properties. Metal matrix
composites (MMCs) have a combmatlon of high
strength, high stiffness, and low density.”) The damage
behavior of MMCs was studied extensively by a
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combination of traditional mechanical testing, micro-
structural characterization, and postexperiment fracto-
graphic analysis. It is generally agreed that damage in
extruded ceramic particle reinforced MMCs takes place
by a combination of particle fracture and matrix void
growth. An understanding of the precise nature of these
damage mechanisms was limited by examinations of the
2-D fracture surface or polished cross section of the
material. In both cases, the approach is laborious and
limited by the 2-D nature of the analysis. Sampling a
representative volume of the microstructure by such
analyses is also difficult.

With the recent development of new 3-D character-
ization tools, a clear, accurate, and quantitative picture
of the deformation behavior of MMCs can be obtained.
Several techniques were used for visualization of micro-
structures in three dimensions. Serial sectioning tech-
mques usm? mechanical pohshmg coupled w1th 9 tical
mlcroscopy or focused ion beam milling®”" and
image reconstruction were used. While serial sectioning
is a powerful technique for generating virtual 3-D
microstructures, it is time consuming and destructive.

X-ray tomography is an excellent technique that
eliminates destructive cross sectioning and allows for
superior resolution and image quality with minimal
sample preparation.®? 3-D visualization and quantifi-
cation of heterogeneous microstructures by X-ray
tomograPhy was successfully performed in Sn-rich
alloys,"” powder metallurgy steels,!'') metal matrix
composites,'> ' and aluminum and copper alloys.!!”-!*!
In addition to visualization, such microstructural data
sets can be incorporated into finite element models to
predict the onset of local damage mechanisms and
macroscopic deformation behavior.!'>!1? 2!

A sound understanding of damage in MMCs requires
adequate visualization and quantification of fracture
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Fig. 1—Techniques used for 3-D and 4-D materials science vs length scale.

based on the 3-D microstructure. More importantly, it
requires a significant amount of statistical characteriza-
tion and analysis, particularly of particle fracture and
void growth. The distribution of defects and voids,
before and after deformation, needs to be quantified.
While several studies on damage of metallic materials
were conducted by X-ray synchrotron tomography,
relatively few reported on in-situ methods. In-situ
techniques are particularly suited for studying the
initiation and evolution of damage in metal matrix
composites. A clear understanding of the sequence of
particle fracture and void growth and the relative
importance of each type of mechanism can be obtained
from in-situ studies.

In this work, we have carried out a detailed investi-
gation of the damage behavior of SiC particle reinforced
2080 Al alloy matrix composites by in-situ X-ray syn-
chrotron tomography. The evolution of damage in
tension was quantified. The role of particle fracture and
void growth in incubation and evolution of damage was
studied. Based on this, a detailed understanding of the
micromechanisms of fracture was obtained. Finally, 2-D
images were used to conduct microstructure-based finite
element modeling using the actual microstructure as a
basis.

II. MATERIALS AND EXPERIMENTAL
PROCEDURE

The material used in this study was a 2080 aluminum
alloy (3.6 pct Cu, 1.9 pct Mg, 0.25 pct Zr) reinforced
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with 20 vol pct SiC particles (average particle size of
25 um). The materials were processed by blending SiC
and Al powders, compacting the powder mixture, hot
pressing, and hot extrusion (Alcoa Inc., Alcoa, PA).
Details of the powder metallurgy process for fabrlcatlon
of these composite materials can be found elsewhere.[**!

The X-ray synchrotron tomography was performed
on as-processed and tensile fractured composites at the
Advanced Photon Source (APS) at Argonne National
Laboratory. The fast microtomography system devel-
oped at the beamline 2-BM of the APS offers near video-
rate acquisition of tomographic data at micrometer
spatial resolution. Every sample is fully analyzed within
2 to 3 minutes, providing immediate feedback on the
quality of the results. The tomography system of the
APS beamline 2-BM was described in detail else-
where.>?! The double multilayer monochromator
installed at beamline 2-BM covers energies between 5
and 30 keV. Using the standard detector, a 2048 x 2048
pixel CoolSnap K4 CCD camera coupled with a
LuAG:Ce scintillator screen, typical exposure times
between 80 and 200 ms per projection were obtained.
In this configuration, we collected a projection every
1/8 deg for 180 deg. Including the readout time and disk
input/output, the tomography can be completed in
about 15 minutes.

Uniaxial tensile tests were carried in situ in the
synchrotron on dog-bone specimens with a square cross
section. Samples were sectioned using electrical dis-
charge machining (EDM). The specimen’s gage section
was 2.5-mm long with a 0.75-mm square cross section
(Figure 2(a)). Specimens were machined parallel to the
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extrusion axis. Samples were loaded by a stepped
displacement; i.e., the actuator was displaced until the
desired load was achieved. A tomography scan was
performed at each displacement. This was done at
several increasing displacement until failure. The load
cell had a 500 N capacity, and the stepper motor had a
captive linear actuator capable of 8 um per step and
12-mm stroke (Figure 2(b)).

Fig. 2—(a) Tensile specimens used for in-situ tensile testing, ma-
chined by EDM, and (b) in-situ loading stage.
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III. RESULTS AND DISCUSSION

The loading stage used for in-situ tomography has a
Poly(methyl methacrylate) (PMMA) sleeve that connects
the two sides of the stage and enables load to be applied
to the specimen. In order to facilitate the loading of the
miniature specimen, two holes were incorporated into
the sleeve. A simple linear elastic finite element analysis
(Cosmos Xpress, Solidworks 2008, Concord, MA) was
conducted to determine the stresses and displacements in
the sleeve (Figure 3(a)). The modulus of the PMMA was
taken as 2.4 GPa and the Poisson’s ratio as 0.35. The
displacement of bottom face was constrained and a
compressive load of 200 N was applied to the opposite
face. The stress in the region between the holes was only
about 0.1 MPa. The displacement in the sleeve was also
quite small, on the order of a few micrometers. In
addition, experiments at the maximum load applied to
the MMC specimen were conducted to determine the
creep rate of the sleeve during the 30-minute tomography
operation (Figure 3(b)). A negligible displacement rate
of 2.5 nm/min was obtained, which did not significantly
affect our experiments.

Figure 4 shows the stress-strain curve for a 2080/SiC/
20, composite tested in situ. The data points indicate
points where the experiment was paused for tomogra-
phy. The composite had a strength of about 425 MPa
with a strain to failure of about 1.6 pct. Figure 5 shows
the evolution of damage, in two separate regions of the
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Fig. 3—(a) Finite element modeling of displacement and stress in PMMA sleeve. (b) Experimental measurements of displacement in sleeve, at
maximum load, for 30 min (time required for tomography). Both computed stresses and measured displacements are negligible.
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microstructure, at three different stresses. The onset of
damage appears to begin very close to the ultimate
strength, at about 440 MPa. This damage is primarily
dominated by particle fracture, which begins around
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Fig. 4—Stress-strain curve of 2080/SiC/20,, composite determined in
situ in the synchrotron. The solid points indicate where the experi-
ment was paused for tomography. This curve is very similar to the
stress-strain behavior measured on a conventional microforce testing
system.

1 pct strain. Figure 5(a) shows the onset of particle
fracture through the center of the particle, likely at a
flaw within the particle, and propagates out to the
matrix. Figure 5(b) shows that most of the particle
fracture is observed very close to the fracture stress.
Williams et al'® recently showed, through analysis of
particle fracture statistics obtained from X-ray synchro-
tron tomography, that the probability of particle frac-
ture is controlled by particle size and aspect ratio. It is a
stronger function of aspect ratio than of particle size.
They showed that, using the statistics from the 3-D
tomography, aspect ratio and particle size are important
parameters in determining the probability of fracture in
the SiC particles. Some instances of localized void
growth are also observed, particularly at the sharp
corners of the SiC particles, but also in regions where
particles are very closely spaced. Here, the thin layer of
matrix is highly constrained and under a triaxial state of
stress, which promotes void growth. The degree of void
growth was quite limited, however, and seemed to take
place primarily at pre-existing voids from processing.
The degree of particle fracture, as a function of applied
stress, was quantified throughout the gage length. This is
shown in Figure 6. The composite had some particles
fracture prior to testing. These particles fractured during
the extrusion process. Local increases in particle fracture
density are observed, with increasing stress. A slight

Fig. 5—Evolution of damage as a function of applied stress by in-situ X-ray tomography. At 0 to 0.4 pct strain, no damage is observed. At
1 pet, void growth begins at sharp corners and regions of high constraint and triaxiality. At fracture (1.6 pct), particle fracture is quite predomi-

nant. (@) Region 1 and (b) region 2.
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Fig. 6—Evolution of damage in the form of particle fracture over
the gage length by in-situ X-ray tomography. Localized increases in
particle fracture are observed, but most of the damage takes place
between 440 MPa and fracture at 495 MPa.
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Fig. 7—Graphical representation of the relative position of SiC par-
ticles in the same slice as a function of strain (z-axis). Blue points
represent particles that are not cracked. Red points and orange
points are particles that are “newly” cracked and ‘‘previously
cracked,” respectively, relative to the previous strain level.

increase in particle fracture is observed, at 1 pct strain,
close to the eventual fracture plane and foreshadowing
where fracture would take final place. The largest
increase in particle fracture, as shown in Figure 5, is
between 1 pct and the fracture strain of 1.6 pct, at the
fracture plane. The density of fracture particles is highest
at this plane and decreases sharply over a distance of
about 1 mm, as shown by Williams er a/l'" Figure 7
graphically shows the evolution of fracture in the SiC
particles, in a 2-D slice, as a function of strain. The blue
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Fig. 8—Quantification of voids as a function of applied strain: («a)
void volume fraction and (b) number of voids. Note that the onset
of damage appears to be very close to the fracture strain of 1.6 pct,
as in the case of particle fracture.

particles are undamaged. Prior to straining, some
particles that cracked during the extrusion process are
shown (in orange). At 1 pct strain, the stochastic process
of particle fracture begins with isolated particle fracture
taking place. The onset of fracture begins at a large
fraction of the fracture strain, i.e., quite late in the tensile
test. At fracture, at a strain of 1.6 pct, a large density of
red points, indicating fractured SiC particles, is shown
very close to the fracture plane.

Void growth was also quantified as a function of
applied strain. The voids were differentiated from cracks
by morphological distinction obtained by image analy-
sis. This process is described elsewhere.'® Figure 8
shows the number of voids and void volume fraction, as
a function of strain along the gage length of the
specimen. The degree of void growth is not very large.
An average equivalent spherical diameter of about 7 um
was measured prior to loading, while at fracture, it
increased only slightly to 8 um, or about 14 pct. Similar
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Fig. 9—Schematic of microstructure-based simulations from X-ray synchrotron tomography: (a) 2-D slice from X-ray synchrotron data, (b) seg-
mented image, and (c) finite element mesh.
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Fig. 10—Finite element simulations based on actual microstructures: («) plane strain and (b) plane stress. Shear bands between SiC particles are
observed. Larger plastic strains are observed under plane stress.

to the evolution of particle fracture, the onset of void peak-aged alloys, damage is controlled by particle
growth almost coincides with the fracture strain. This is fracture, rather than void growth.!”! This is because the
consistent with other experimental findings, where, in matrix strength is quite high as is the particle/matrix
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interface strength. Thus, the particles fractured prior to
matrix void growth or interfacial debonding.

In addition to quantifying the evolution of damage as
a function of time, microstructure-based modeling can
also be conducted using X-ray tomography data sets.
The methodology for exporting the image into a finite
element modeling program is provided elsewhere.!*%"
A 2-D image of the microstructure of the 2080/SiC,
composite was imported into a dedicated meshing
program (Hypermesh, Troy, MI) to generate the mesh.
The SiC particles were meshed initially to generate a fine
mesh on the particles. The Al matrix was meshed to
maintain nodal connectivity with the nodes on the SiC
particles. The model was meshed using linear triangular
elements (three nodes). The total model had about
115,000 elements.

Figure 9 shows the segmented image and the meshed
image prior to modeling. Finite element modeling was
conducted using Abaqus (Simulia, Providence, RI). The
particle was modeled as linear elastic, with a modulus of
410 GPa and Poisson’s ratio of 0.19. The aluminum
alloy matrix was modeled as an elastic-plastic material,
with a modulus of 74 GPa and Poisson’s ratio of 0.33.
The plastic portion of the constitutive law was obtained
by experiments on the unreinforced matrix. The bound-
ary conditions are as follows. The left side of the image
was constrained in the x direction. The displacement
was applied to the right edge of the image to a strain of
0.5 pct. The constitutive behavior of the particles and
the matrix was as follows. Figure 10 shows the equiv-
alent plastic strain in the model in (a) plane stress and
(b) plane strain. The plane stress model exhibits a higher
degree of plasticity. Shear bands in both models are
observed, which are disturbed by the distribution of SiC
particles. Particle clusters are regions for stain localiza-
tion and exhibit a higher concentration of plastic strain.

IV. SUMMARY

A systematic study of the 3-D microstructure of SiC
particle-reinforced 2080 Al alloy matrix composites, by
in-situ X-ray synchrotron tomography, was conducted.
The following important points can be made, as a result
of this work.

1. In-situ tomography is an excellent means of quanti-
fying the damage in metallic materials. In the peak-
aged aluminum matrix composites studied here, the
main damage mode was SiC particle fracture with a
very small contribution from void growth.

2. The onset of damage takes place very close to the
ultimate tensile strength of the composite. Particle
fracture damage is stochastic in nature and is con-
fined to a small distance from the fracture plane.
Minimal void growth is observed, primarily at pre-
existing microscopic voids from processing.

3. Microstructure-based simulations, based on 2-D
images from the tomography data sets, show the
importance of particle distribution and morphology

METALLURGICAL AND MATERIALS TRANSACTIONS A

on the evolution of plastic strain and damage in the
composite.
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