( &,4{ GECENY/-
LAUR-95-1168

Title: | STRESS RELAXATLON IN DISCONTINUOUSLY REINFORCED
COMPOSITES

RECEIVED
MAY 0 8 1935

OSTI

Author(s): | N. Shi, R. J. Arsenaulr

Submitted to: ASME Conference, "Micromechanles and Constltutlve
Modeling of Composite Materials," UCLA, Los Angeles, CA
J8-30 Jdun 95

Los Alamos

NATIONAL LABORATORY

Lo Alminon National | abaratory, an aft rmiative getion.equal opoortumly amployar, i aparalsd by the Univaraty of Calitorma focihe U S Dapartment of gy
urkder conttact W 7408 1 NG Ry wcosplance of hin arkcio, the puilinhar mcogozen that the U S Govermmad mtains a donesclusive, soyalty frae heonne to
Puliinh or teguociice (he putsinied tore of s contiribution, o o sllow olhoi to do so, o US Qovernment purpores The Lo Alamos Nationat | abotittory
1nqusnin that (he publinhag idenlify this sticle ne work pretiormed utider the auspicex ol the U S Dapartiment of | nergy

form Nu Ran iy


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


STRESS RELAXATION IN DISCONTINUOUSLY REINFORCED
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ABSTRACT

It has been observed tbat in discontinuously-reinforced Al,04/NiAl composites thst as the
reinforcement size increases the average density ol dislocations ge.nerated from the relaxetion
of the thermal stresses increases, and the corresponding thermal residual stresses slightly
decrease. Similar changes result when the reinforcement morphology changes from spheres
to short fibers to continuous filamenis. The changes of dislocation ('ensily and thermal residual
stresses with respect to panticle size are in contrast to those sbserved in the SiC/Al
counterpart. A previously developed simple mode! uscd to explain the SiC/Al data, which was
based on prismatic dislocation punching, suggested that the density of the misfit dislocations
decreases when the reinforcement size increases. In this investigation, & simplr model is
proposed to explain the anomaly in the development of thermal residual stresses and the
generation of misfit dislocatdons as a function of the particle size and shape in Al,Oy/NiAl
composites. As a result of a lack of sufficient independent-slip-systems in low symmetry
materials such as NiAl plastic relaxation of the thermal stresses is severely constrained as
comnpared to fcc Al As such, plastic relaxation requires collaborative slips in an aggregate of
grains. This only occurs when the length scale of the varying misfit thermal stress (leld is
much larger than the average grain size. That Is, the mechanism of plastic relaxation becomes
operative when the reinforcement size increases.

! This research was supported in part by the Office of Naval Research under grant NOMX 14-
91-J-1353. N. Shi would like to acknowledge the support from the U.S. Department of

Energy.
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INTRODUCTION

It bas been proposed that dislocations are generated by relaxation of the thermal stresses.
These thermal stresses are developed during the cooling of a composite with a reinforcement
and matrix which have different coefficients of expansion (Arsenault, 1984). This concept has
been used in investigating several composite systems such as SiC/Al, Si/Al, Al,O5/NiAl and
TiB»/NiAl (Arscnault, 1884, Arsenault and Fisher, 1983, Vogelsang, et al., 1986)

Several models have been developed to predict the density of dislocations generated and the
clfective plastic strain (Arsenault and Shi, 1986, Shi et al., 1992) due to the relaxation of the
thermal stresses. The prismatic punching model developed by Arsenault and Shi (1986) is
capable of predicting how the dislocation density would change in a8 homogeneous matrix with
increasing the volume fraction and particle size when the thermal misfit are complelely
released through dislocation generation. As the volume fraction increases the density of
dislocation increases, and as the particle size increases at a constant particle volume fraction
the dislocation density decreases. These results come from the fact thal the dislocation density
are lincarly related to the total particle surface area. Experimentally it has been shown that in
the case of SiC/Al the changes in dislocation density with particle size follow the prediction
of Arsenault-Shi model (Arsenault and Shi, 1986) as shown in Fig.1.
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Fig.1  The increase in average matrix dislocation density in 20 V% SIC/Al composite
in the as annealed (12 hrs at 530°C), furnace cooled (12 hrs) condition as a
tunction of particle size. The increase In dislocation density (Ap) is aqual to
Pcomposiie ~ Pmatix: 1he malrix is annealed under the same conditions as the

composile.



In polycrystalline low symmetry materials such as NiAl, plastic {low in a particular grain
is difficult due to the lack of a sufficient number of independent slip systems and the
constraints by the neighboring grains. Therefore, in intermetallic matrix composites generation
of thermal misfit dislocations, may be affected by the slip coustraints. In contrast lo
aluminum-based composites where a high mobile dislocation densily is beneficial to the
strengthening, a high dislocation density in intermetallic based composites may contribute to
the improvement of ductility.

In this investigation, thermal residual stresses (TRS) and the matrix dislocation density in
Al,O5-reinforced NiAl were determined by neutron diffraction and transmission electron
microscope (TEM), respectively. The investigation was conducted to determine the influence
of particle size and shape on the plastic relaxation of the thermal misfit stresses in (Lis
composite. The results were compared with those of SiC/Al composites. A complementary
FEM analysis was conducted, and a simple model was constructed to explain the experimental
results.

EXPERIMENTAL PROCEDURE

Composites of 20 V% Al,Oy with five different .einforcement sizes and shapes were
produced(equi-axed panticles with diameters of 5, 75, 355 ym, short fibers with diameter of
10 um and average aspect ratio of 10, and continuous filament with diameter of 144 uin). The
continuous filament Al.O,/NiAl composites were produced by a powder cloth technique,
whereas, the equi-axed particles were produced by mixing powders ot Al,O4 and NiAl of the
same size, and then hot pressing at 1623 K {or 4 hrs at a pressure of 25 MPa. The short fiber
composite was produced by mixing 75 um NiAl powder with the Al,O4 shon tibers, followed
by the same hot pressing procedure. After processing, all composites were annealed at 1400°C
for 1 1o 4 hours followed by furnace-cool. Since the compasites (particle and short-fiber) were
produced by a similar PM procedures, the as-processed microstructure in the matrix should
be similar, i.e., similar grain size, etc,

The transmission clectron microscopy was performed with a 200 KV and | MV TEM. The
details of foil preparation and date analysis are given elsewhere (Wang ct al.). The
measurements of the TRS in the matrix were performed by ncutron diffraction in University
of Missouri Research Reactor with a inonochromatic wave length of 1.2 A, and 220 NiAl
Bragg peak was used to determine matrix lattice strains. The procedures are described (urther
by Shi ¢t al. (Shi et al., 1993, Smith et al., 1992)

In the FEM investigation the ABAQUS FEM corde was used, and mieshes representing iwo
dimensional axisymmetric unit cells containing spherical, short and continuous cylindrical
inclusion were made. The procedure is described in more detail by Shi et al. (1992).

RESULTS

Tue dislocation densities obtained from the TEM investigation are shown in Figs. 2a & b,
for various shapes and sizes of Al,Oy reinforcemient. As the shape changes from spheres to
shont flbers, and to continuous filaments the density increases (Fig.2a) and as the size of



reinforcement increases, the dislocation density increases (Fig.2b). The changes in dislocation
density as function of the reinforcement are the opposite to those obtained for SiC/Al
composiles (Fig.1), in which the dislocation density decreases as the SiC size increases.
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Fig.2a The increases in average matrix disiocation density in 20 V% Al,O,/NIAI
composites with particle shape (the sphere represents 355 um near-equlaxed
particles). The increase in dislocation density (Ap) is equal to Poomponite
Pmatrh 1H@ mMatrix is annealed under the same conditions as the composite.
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This report was prepared as an account of work sponsored by an agency of the United States
Governmen:. Neither the United States “jovernmeni nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
wility for the accuracy, completeness, or usefulness of any information, apparalus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereofl. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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TABLE 1
Thermal Residual Stresa In the NIAI Matrix

Tensile Stress (MPa = 20 MPa)
Al,0; Reinforcement
Axial Transverse
75 jam particle 144 171
355 ym particle 105 189
short fiber 280 383
continuous filament compressive 238
(Saigal and Kupperman, 1991) - 100

Table 1 lists the thermal residual stresses measured by neutron diffraction in these
composites. The axial and the transverse directions are defined as the directions parallel and
perpendicular to the hot pressing direction during processing. The axial TRS decreases as the
panticle size increases while no clear trend can be detected in the transverse directivn (Changes
are within experimental error). With changes in reinforcement shape Table | indicates that
there is a significant reduction in the matrix TRS as the morphology of the reinforcement
changes from fibers to equi-axcd particles. However, the matrix TRS is less in the composite
reinforced by contiauons filaments.

We could not obtain sensible stress values for the 5-um Al,OQ; composite due to iron
contamination of the NiAl, which bad been ball milled to obtain 5 jim powder. The TRS is
anisotropic and the stress values from transverse direction is larger in all cases. While a more
detailed investigation is heing undertaken, we belicve the following factors may bave
contributed to the anisotropy in TRS: (a) the short fibers are secen as a planur array
perpendicular to the compact directions, (b) for larger particle size (355 4), there was also &
large degree of reinforcement clustering along the perpendicular directions. Anisotropic elastic
interaction between grains in a textured matrix can also contribute to the anisotropy of the
avenge TRS.

Figure 3 shows the changes in average matrix effective plastic strain wi'h reinforcement
morphology as determined by an FEM analysis. There is about a factor of two increase in
effective plastic strain from spherical to continuous {ilament reinforcement. If the effective
plastic strain scales with dislocation genertion, this result is consistent with the TEM results.

DISCUSSION
From an initial consideration of the data it is obvious that there is a large dilference between

SiC/Al and Al,Oy/NiAl composites, especially in the generation of dislocations. 1t is first
necessary to consider if the thermal siresses are suificient lo produce stresses that are above
the yield stress of the matrix (NiAl). As shown in Flg. 4 the calculated thennal stress (withoul
piastic relaxation) at all temperatures is larger than the yield stress of polycrystalline NiAl.
Therefore, dislocation generation and motion should ocuur,



Relative Effective Plastic Strain (10™)

Fig.2
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the mismatch affected zone Is much smaller than matrix grains (small
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The most distinct difference in SiC/Al and Al,O3/NiAl are the changes in the mismatch
dislocation density with the particle size as can be scen by comparing Figs. 1 and 3. The
increase in the dislocation density in the NiAl matrix with increasing particle size cannot be
explained based on relaxation of thermal mismatch in a homogeneous medium. To understand
this anomalous trend in the change of dislocation density it is necessary to consider the slip
characteristics in the two matrices. Al has a fcc crystal structure with 12 different slip systems
of which 5 are independent slip systems, this allows an individual grain to slip independently.
In NiAl where the predominate slip system is <100>{110} there are only three independent
slip systems (Groves and Kelly, 1963) with the hard oricntation along <100> and the soft
onentations <110> and <111>. The difference in the critical resolved shear stress between the
"hard” and "soft" onentations is about a factor of fourteen (Noebe et al., 1993). According to
Von Mises (1928) however, slip in individual grains of a polycrystalline material without
sacrificing intergranval deformation compalibility requires five independent slip systems.
Therefore, slip within a grain without creating discontinuity in the NiAl matrix can occur only
when collaborative slip from neighboring grains is activated. Such a deformation mode can
be facilitated when the misfiting thermal stress field eacompasses the particles over a
significant number of matrix grains. Figure 5 shows Iwo extreme cases in which the
reinforcement size is much larger (Fig. 5a) and smaller (Fig. 5b) than the surrounding matrix
grain size. Due 1o the thermal mismatch stresses a mismatch-affected zone arises around each
particie within which a high thermal misfit stress develops. When the grain size is much
smailer relative to the mismaich affected zone, i.e. large panicle size (Fig. Sa), critical
resolved shear stress is exceeded in many grains. [n some grains the crystallographic
orientations are aligned favorably for collaborative multigrain slip without destroying intergrain
compatibility. With a larger grain size relative to the mismatch affected zone, i.c. small
reinforcement size, grain alignment favorable for collaborative slip is statistically unlikely.
Therefore, collaborative slip in an aggregate of grains is possible only when the size of the
mismaich-affected zone is much larger than the average grain size (Fig. 5a), i.e., plastic
refaxation is more likely with a larger average particle size. FEM modeling using a
polycrystalline aggregate model is needed to quantitatively understand this phenomenon.

CONCLUSION

The following conclusion can be drawn from the experiment data and the modeling.
» The dislocation density, due to the relaxation of the thermal stresses, increases as the Al,O,
size increases in Al,O4/NiAl composites. In contrast, in the case of SiC/Al composites as SiC
particles size increases the dislocation density decreases.
= The distinct contrast in the dislocation density/particle relationship for the two composites
can be explained by a simple model based on the requirement of collaborative slip between
grains in polycrystalline NiAl.
e FEM results have has shown that shape charges from a sphere to continuous filament
induce about a factor of two increase in the effective plastic strain, which has the same trend
with the changes in dislocation density obtain from TEM.
o Neutron diffraction results indicate that the matrix thermal residual stress in Al,O,/NiAl
composites decreases as the particle size increases.
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