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Flow stress of biomorphous metal–matrix composites
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Abstract

For metal–matrix composites (MMCs), interfacial debonding between the ductile matrix and the reinforcing hard inclusions is an important
failure mode. A fundamental approach to improving the properties of MMCs is to optimize their microstructure to achieve maximum strength
and toughness. Here, we investigate the flow stress of a MMC with a nanoscale microstructure similar to that of bone. Such a ‘biomorphous’
MMC would be made of staggered hard and slender nanoparticles embedded in a ductile matrix. We show that the large aspect ratio and
the nanometer size of inclusions in the biomorphous MMC lead to significantly improved properties with increased tolerance of interfacial
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amage. In this case, the partially debonded inclusions continue to carry mechanical load transferred via longitudinal shearing o
aterial between neighboring inclusions. The larger the inclusion aspect ratio, the larger is the flow stress and work hardening

omposite. Increasing the volume concentration of inclusion also makes the biomorphous MMC more tolerant of interfacial dama
2004 Elsevier B.V. All rights reserved.
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. Introduction

Metal–matrix composites (MMCs) with high stiffness and
igh yield strength have attracted various applications in au-

omobile, power plant and aircraft industries. Typically, an
MC is made of a ductile metallic matrix reinforced by a
istribution of hard and brittle inclusions. A fundamental un-
erstanding of the relationship between the microstructure
nd the macroscopic behaviors can help optimize the flow
tress and fracture energy of these materials. Previous stud-
es[1–7]have shown that the mechanical properties of MMCs
epend on the geometry, volume fraction and distribution of
einforcing inclusions.Fig. 1a shows the typical microstruc-
ure of MMCs. The relatively rigid (fiber-like or flake-like)
eramic inclusions can cause significant increase in elastic
odulus, flow stress, and work hardening of the composite
aterials[1–7].
The addition of ceramic particles in MMCs can also have

amifications concerning plastic flow and fracture. Notably,

∗ Corresponding author. Tel.: +49 711 6893510; fax: +49 711 6893512.

the mismatch in elastic/plastic properties and therma
pansion between the inclusions and matrix, lead to inho
geneous plastic yielding and consequent void nucleati
matrix during loading[8,9]. These mismatches can indu
large stresses within the inclusions or at the matrix–inclu
interfaces[10,11]. A number of failure modes in MMCs ha
been reported in the past, including matrix/particle debon
[12–16], particle cracking[11,17–24]and ductile failure in
the matrix[25,26]. The elastic modulus, flow stress and d
tility of MMCs are found to drop significantly as soon as s
failures occur[27–29]. In particular, interface decohesion h
been identified as one of the most frequently observed
age modes of MMCs, especially at high temperatures w
the strength of inclusions is high compared to that of th
terface between matrix and inclusion, as in aircraft eng
Zhao and Weng[30] and Ju and Lee[31] modeled the influ
ence of interfacial debonding on the elastic–plastic beh
of particle reinforced composites. In their analysis, inte
cial debonding along the long side of the particle is foun
cause significant degradation to the composite properti

Materials sensitive to localized flaws or damage are p

E-mail address:hjgao@mf.mpg.de (H. Gao). to catastrophic failure due to random nucleation events. It
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Fig. 1. Schematic illustrations of (a) the microstructure of a biomorphous metal matrix composite and (b) the nanostructure of bone; the latter consists of
nanometer sized mineral crystals staggered in the collagen matrix.

is therefore important to search for ideas to increase the re-
liability of materials[32]. Here, we consider a nanostruc-
tured MMC, mimicking the nanoscale design of bone-like
biological materials[33–38] and made of hard and slender
inclusions embedded in a soft protein matrix (Fig. 1b). Re-
cent experimental[35,39–41]and theoretical studies[42–45]
have shown that the nanostructure of bone-like materials rep-
resents a convergent design of evolution and plays a crucial
role in their macroscopic properties. Partial debonding along
the mineral–protein interface does not lead to significant drop
in stiffness and strength of bone, but rather serves as a feed-
back for initiation of biological remodeling[42–48]. Gao et
al.[42,43]pointed out that the nanometer-sized mineral inclu-
sions can maintain their theoretical strength in the presence
of crack-like flaws, and that the theoretical strength of inclu-
sion is necessary to allow the protein matrix to dissipate large
amount of fracture energy so as to achieve a high toughness
for the composite.

This paper is aimed to investigate the flow stress of a
biomorphous MMC with partial interfacial debonding. We
define a biomorphous MMC as a ductile metallic matrix re-
inforced by hard and slender nanoparticles in a geometrical

F l of bio med to have
o

alignment similar to that in bone. A unit cell model is adopted
in which the inclusion is treated as a hard elastic particle sur-
rounded by an elastic–plastic matrix. The interface between
the inclusion and matrix perpendicular to applied loading in
the longitudinal direction is assumed to have debonded due to
local tensile stress. The effects of debonding on the flow stress
of the composite are calculated for various aspect ratios and
volume concentrations of the inclusions. The influence of the
aspect ratio of the inclusions on the work hardening rate of the
composite is estimated by a tension–shear chain model (TSC)
originally developed for the analysis of nanoscale properties
of bone.

2. Method of analysis

We adopt a standard finite element scheme to evaluate the
flow stress of a biomorphous MMC. The reader is referred
to Llorca and Gonzalez[4] for details of the FEM scheme.
Consider a two-dimensional representative volume and a unit
cell of MMC as shown inFig. 2. The unit cell takes into ac-
count the staggered alignment of inclusions in the matrix.
ig. 2. (a) The representative volume element and (b) a unit cell mode
ccurred due to local tensile stress.
morphous MMCs. Debonding at the long end of the inclusion is assu
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The volume concentration of inclusion isΦ. Debonding is
assumed to have occurred along the inclusion–matrix inter-
face perpendicular to the loading direction. The inclusions
are assumed to be purely elastic and the matrix is modeled as
an elastic–plastic solid following the J2 flow theory of plas-
ticity. The flow stress of the matrix is represented by a power
law

σM = σ0

(
ε

p
M

ε0

)n

, (1)

whereεp
M,σ0 andε0 denote the plastic strain, reference stress,

and reference strain, respectively, andn is the strain hardening
exponent of the matrix. A displacementU is applied on the
top side of the unit cell, as shown inFig. 2. The composite
strain in the direction of loading is calculated by

E = ln

(
U

Λ

)
, (2)

whereΛ is the length of the unit cell. The inclusion has an
aspect ratioρ = L/D whereL is the length andD the thick-
ness of the inclusion. The composite stress in the direction of
loading is obtained by an average over the unit cell,
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3. Flow stress of biomorphous MMC

Consider a biomorphous MMC with interfacial debond-
ing perpendicular to the loading direction. Due to the large
aspect ratio of inclusion, the matrix–inclusion interface par-
allel to the loading direction is subjected to relatively small
shear stress and will be assumed to remain intact during plas-
tic deformation of the composite. The interface perpendicular
to the loading direction is subjected to relatively large ten-
sion, where debonding will be assumed to test the damage
tolerance and reliability of the MMC.

To obtain some insight into the effect of interfacial
debonding, we first make a comparison between the plastic
behavior of the pure matrix material and a debonded MMC at
Φ = 0.15,n = 0.1. The results (Fig. 3) indicate that, for equi-
axed inclusions (ρ = 1), the flow stress of the composite is
drastically decreased by the interfacial debonding, to a level
even lower than that of the matrix. However, for large aspect
ratios (>5), the inclusions are able to retain their strengthen-
ing effect despite the debonding. The larger the aspect ratio,
the stronger the strengthening effect. The ratio between the
strengthening factor of a debonded composite and that of the
corresponding intact composite,Q/Q∗, is plotted as a func-
tion of the aspect ratio inFig. 4 for two different volume
concentrations. These results show that large aspect ratios al-
l level
c n ad-
d atios
b rger
v

the
d io re-
d e rela-
t ing.
T ture.
T ieved
v ast,
t ys a

F MMC
w dif-
f

= 1

V
σ dV. (3)

he composite plastic strain can be calculated as

p = E − Σ

Y
, (4)

hereY is the effective modulus of the composite, wh
epends on the Young’s moduli of the inclusion and the

rix, as well as the volume concentration of inclusionΦ. In
ractice, the composite modulusY can be calculated bas
nEqs. (2) and (3)by applying an infinitesimal deformatio
n the cell.

If the relation between plastic strain and stress of the
rix has the power-law form ofEq. (1), the correspondin
elation of the composite can also be expressed as a p
aw based on the unit cell approach[4–7],

= Qσ0

(
Ep

ε0

)n

, (5)

hereQ is called the strengthening factor which can be
ermined by[5–7],

= Σ (Ep)

σM(Ep)
. (6)

q. (5) has been confirmed by the finite element ana
f Llorca and Gonzalez[4]. In general, the value ofQ is
etermined by the plastic behavior of matrix as well as
eometry and volume concentration of inclusions.
ow the debonded composite to retain a flow stress at a
lose to that of an intact composite despite debonding. I
ition, the biomorphous composites with large aspect r
ecome more insensitive to interfacial debonding at la
olume concentration of inclusions.

The mechanism by which slender inclusions minimize
amage of interfacial deconding is that large aspect rat
uces the average stress in the matrix and decreases th

ive proportion of the loss of load capacity due to debond
he inclusions take the main load in the composite struc
he force transfer between the adjacent inclusions is ach
ia longitudinal shear deformation of the matrix. In contr
he interface perpendicular to the loading direction pla

ig. 3. The relation between stress and plastic strain of a biomorphous
ith partial interfacial debonding in comparison with that of matrix at

erent aspect ratios of the inclusion.
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Fig. 4. The influence of the aspect ratio of the inclusion on the strengthening
factorQat two different inclusion volume concentrations in the biomorphous
MMC with partial debonding. The data is normalized by the strengthening
factorQ∗ of the intact MMC.

relatively insignificant role in load transfer.Fig. 5 plots the
stress level in the inclusion as a function of the aspect ra-
tio at two different volume concentrations. The result shows
that the stress level in the inclusion increases with the aspect
ratio (i.e. more strengthening). For sufficiently large aspect
ratios, the stress level in the damaged composite is nearly
the same as that in the corresponding intact composite (see
Figs. 4 and 5).

4. Work hardening rate of biomorphous MMC

The biomorphous MMC has similar nanostructure mor-
phology as bone.Fig. 6a illustrates the primary route of load
transfer in the nanostructure of bone, which can be repre-
sented by a TSC model. In this tension–shear chain system,
mineral inclusions carry tensile load and the soft matrix trans-
fers load between hard inclusions via shear. Following the
analysis of Gao et al.[42,43], the maximum stressσI in the

F rnal
l

Fig. 6. Schematic illustration of the generic nanostructure of bone-like ma-
terials. Hard mineral crystals align in a soft protein matrix to sustain tensile
loads. The soft matrix serves as glue layers to transfer forces between neigh-
boring inclusions via shear. The large aspect ratio allows the soft layer to
transfer a large force with relatively small shear stress.

inclusion can be related to the average shear stressτM in the
matrix in an incremental form as

�σI = ρ�τM . (7)

The large aspect ratio thus reduces the matrix stress. The
incremental composite stress can be written as

�Σ = 1
2Φ�σI = 1

2ρΦ�τM, (8)

whereΦ is the volume concentration of mineral. The incre-
mental composite strain obeys the following kinematic rela-
tion,

�E = �δI + 2�γMD(1 − Φ)/Φ

L
, (9)

where�δI and�γM are the incremental elongation of the
inclusion and incremental shear strain of the matrix, which
can be expressed as

�δI = �σIL

2YI
, �γM = �τM

µM
, (10)

whereµM is the shear modulus of the matrix, andYI the
Young’s modulus of the inclusion. The composite modulus
can thus be derived fromEqs. (7)–(10)as

1 4(1− Φ) 1

T those
i sed
h
t with
r

on-
fi train
g
w orar-
i ions,
ig. 5. The stressσI of the inclusion vs. its aspect ratio under an exte
oad. The plot is normalized by the initial yield stressσ0 of the matrix.
Y
=

µMΦ2ρ2 +
ΦYI

. (11)

he derivation steps of these equations are identical to
n [42,43] except an incremental form of equations is u
ere.Eq. (11) indicates that a large aspect ratioρ allows

he matrix to transfer a large tensile load on inclusions
elatively small shear stress.

For MMCs, plastic deformation in the metal matrix is c
ned by the inclusions. Strong size effects due to plastic s
radients in the metal matrix may be present[49–51]. Here
e focus on the effect of inclusion aspect ratio and temp

ly neglect the strain gradient effect. With these assumpt
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the relation between flow stress and plastic strain in the matrix
can be written in an incremental form as

�σ
p
M = h�ε

p
M, (12)

where according toEq. (1)

h = nσ0

ε0

(
ε

p
M

ε0

)n−1

, (13)

If we assumen≤ 0.1 (engineering metals usually fall in this
category), thenh≤ 0.1YM under sufficiently large plastic de-
formation (e.g.εp

M > ε0), YM being the Young’s modulus of
the matrix. The modulus ratio between inclusion and matrix
in MMCs can be as large as 10, i.e.YM ≈ 0.1YI , and thus
the tangent modulush can be approximately two-orders of
magnitude smaller than the Young’s modulus of the inclu-
sion, i.e.,h≤ 0.01YI . As the inclusions take an incremental
tensile load with modulusYI , the matrix undergoes plastic
deformation with a much smaller tangent modulush. For an
incremental plastic strain�γ

p
M in the biomorphous MMC,

the incremental shear stress�τ
p
M can be written as

�τ
p
M = h′�γ

p
M, (14)

whereh′ = 2h/3. Replacing the second equation of (10) by
(14), the tangent work hardening rate of the composite is
o

A
m ated
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work
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w

F
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T

and too large an aspect ratio will cause brittle fracture of the
inclusion. An optimum value ofρ should exist depending on
the fracture strength and the volume concentration of inclu-
sions. As has been discussed in Gao et al.[42] and Gao and
Ji [52], the fracture strength of a brittle inclusion containing
a crack-like flaw depends on the size of the inclusion as,

σf
I

σth
=


√

D∗
D

, D ≥ D∗

1, D < D∗
, (16)

whereσth is the theoretical strength of the inclusion andD∗
can be estimated as

D∗ ≈ α2γYm

σ2
th

. (17)

Taking a typical flaw as a thumbnail crack spanning half the
thickness of the inclusion,D∗ is estimated to be around 30 nm
under rough estimates ofγ = 1 J/m2, Ym = 100 GPa, andσth
= Ym/30. If the fracture strength ofEq. (16) is taken into
account, we obtain an optimum aspect ratio as a function of
inclusion size and volume concentration, as shown inFig. 8.
TakingD∗ to be 30 nm, it is found that when the inclusion
size falls into the submicron range, the optimum aspect ratio
is in the range of 10–40, roughly the same as in shell and
bone.
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btained analogous toEq. (11)as

1

H
= 4(1− Φ)

h′Φ2ρ2 + 1

ΦYI
. (15)

n implicit assumption behindEq. (15) is that the matrix
aterial between two neighboring inclusions can be tre
s a shear lag under uniform shear deformation.Fig. 7shows

hat the prediction ofEq. (15)is in good agreement with th
EM calculation of the composite work hardening ratH
ersus the inclusion aspect ratio (at plastic strainEp = 0.1).

Inclusions with large aspect ratios help enhance the
ardening of the composite. On the other hand, the stress
ithin the inclusion increases with the aspect ratio (Fig. 5),

ig. 7. Prediction ofEq. (15)on the tangent work hardening rateH of a
iomorphous MMC vs. the inclusion aspect ratio at plastic strainEp = 0.1.
he result is compared to the calculation of a full FEM analysis.
Therefore, a close analogy exists between bone-like
erials and biomorphous MMCs. The stiffness and stre
f biocomposites require the mineral crystals to have a
spect ratio and nanometer size. In comparison, biomorp
MCs achieve large flow stress and work hardening rate

ia large aspect ratio and nanometer size of the reinfo
nclusions. As the inclusion size varies from a few tens
ew hundreds of nanometers, there exists an optimum a
atio for the reinforcing inclusions in a biomorphous MM
n the range of 10–40. Partial interfacial debonding has
le effect on the biomorphous MMC. Such damage actu
lays a beneficial role to animals. Studies on bone[47,48]
howed that damage in the cement lines of cortical bone
ides a message for damage sensors to initiate the biolo
emodeling process. This concept may be used in the f

ig. 8. The optimum aspect ratio as a function of the size and volume
entration of the inclusion in a biomorphous MMC.
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to develop smart materials in which interfacial debonding
may be used to sense localized damage and subsequently
triggers an alert system or self-repair of the structure. In both
biomorphous MMCs and bone, the nanometer size of the
slender inclusions is necessary to prevent brittle fracture in
these inclusions. Consequently, the large aspect ratio of the
inclusions leads to large flow stress and large work hardening
rate in the MMC.

We have so far focused on material properties in the direc-
tion parallel to the aligned inclusions. Such model MMC is
expected to be very anisotropic. The properties in the trans-
verse directions are usually not significantly improved by
the platelets. To develop an effective MMC in response to
complex 3D loading, one may need to develop hierarchical
laminate strategies similar to those of biological composites.
In nature, mineralized collagen fibrils in bone which have
been reinforced along the fiber direction often form com-
plex 3D fibrous network. How nature arranges fiber layout
to achieve optimized properties on the macroscopic scale is
still not fully understood. Much future study is still needed
on investigating hierarchical anisotropic microstructures to
achieve interesting macroscopic materials properties.

Biological systems are usually constructed as laminates
at nanoscale. One interesting question is whether this is a
realistic possibility for MMCs in the future. Construction of
h chal-
l ring
t ng up
t ate-
r s, it
m truc-
t nly a
p

5

d the
r mor-
p -like
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A etal-
l in a
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c ween
b l as-
p igger
t sitive
t ntly
l ends

on the inclusion size and volume concentration. Like in bi-
ological materials, small size (nanometer) and large aspect
ratio (10–40) of the inclusion are the key factors contribut-
ing to a robust microstructure of MMCs. We also found that
increasing the volume concentration of inclusion makes the
biomorphous MMC more tolerant of interfacial damage at
large aspect ratio.
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