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The material generally displays softening behavior past
the elastic limit, but transitions to hardening behavior
after a small increase in macroscopic strain.

Composites with double concurrent separation within
the inhomogeneity system

We now consider scenarios in which concurrent separ-
ation is permitted at both the particle-coating interface,
and the coating-matrix interface. The effects of the
geometry of the microstructure, the material properties,
and the cohesive properties are investigated.

Effect of microstructure. Microstructure plays a significant
role in the response of the composite. Both the effect of
particle size and the effect of coating thickness are
investigated. First, the effect of particle size is con-
sidered. The particle sizes are chosen as R=0.5mm,
I mm, and 1.5 mm, with a fixed particle volume fraction
of fpariicte = 0.3, and a fixed coating volume fraction of
S coating = 0.3. The matrix has an elastic modulus of
100 MPa, the coatings an elastic modulus of 200 MPa,
and the particles an elastic modulus of 100 GPa. For
this investigation, the cohesive strength is 10 MPa. The
initial elastic behavior of the composite is independent
of the particle size, as illustrated in Figure 11(a).
However, there are two distinct kinks in the stress-
strain response of the material. Separation initiates at
the particle-coating interface, at a macroscopic stress of
approximately 6.8 MPa. Beyond this point, the stiffness
of the material decreases with increasing particle size.
The second distinct kink in the stress—strain response
represents the initiation of separation at the coating-
matrix interface. After the coating-matrix interface sep-
arates, the material hardens for fine particles
(R=0.5mm), whereas the material softens for coarse
particles (R > 0.5mm).

In addition, for a coarse particle (R=1mm), the
effect of coating thickness is investigated. For a particle
volume fraction of f e = 0.3, the coating volume
fraction is varied (fouing = 0.15, 0.3, 0.45). As the
volume fraction of the stiff coating increases, the elastic
stiffness of the material increases; however, the macro-
scopic stress at the elastic limit remains the same, as
illustrated in Figure 11(b). Separation initiates at the
particle-coating interface, followed by that at the coat-
ing-matrix interface. For all cases considered, the
material displays softening behavior after both inter-
faces have separated.

Effect of cohesive energies at debonding interfaces. The
debonding behavior at each interface depends on
the fracture energy of the cohesive model; the larger
the fracture energy, the more energy is required to
cause debonding. First, the case of a rigid particle
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Figure 1. Effect of (a) particle radius and (b) coating thickness.

The following properties are considered: Eyqix = 100 MPa,
Ecoating = 200 MPa, Eparticle = 100 GPa, f;)article =03, ﬁ:aating =03
and O¢opesive = 10 MPa.

with a stiff coating is considered. The particle size is
R=1mm, with a particle volume fraction of
S pariicte = 0.3, and a 0.3mm thick coating. The matrix
has an elastic modulus of 100 MPa, the coating an elas-
tic modulus of 200 MPa, and the particle an elastic
modulus of 100 GPa. The cohesive strength is 10 MPa
and the fracture energy is varied. The particle-coating
interface separates first, at a macroscopic stress of
approximately 6.8 MPa, as illustrated in Figure 12(a).
As the fracture energy at this interface increases, the
stiffness of the subsequent material increases. The coat-
ing-matrix interface separates second, and the material
displays softening behavior past the elastic limit. The
rate at which the material displays softening behavior
increases with decreasing fracture energy at the coating-
matrix interface.

In addition, we consider the case of particles which
are softer than both the coating and the matrix. The
geometry of the microstructure remains the same, but
now the elastic modulus of the matrix is 150 MPa, the
elastic modulus of the coating is 110 MPa, and the elas-
tic modulus of the particle is 80 MPa. Although cohe-
sive elements are inserted at both interfaces, the
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Figure 12. Effect of cohesive fracture energy for (a) rigid par-
ticles and (b) softer particles. The properties for each case are:
(@) Ematrix = 100 MPa, Ecoqting = 200 MPa, Epgriice = 100 GPa,
f;mrticle = 0.3 and opesive = 10 MPa; (b)Ematrix = |50 MPa,

Ecoating = 110 MPa, Epgrice = 80 MPa, fyarice = 0.3, and

Ocohesive = 10 MPa.

material only separates at the coating-matrix interface,
as illustrated by the presence of a single kink in the
stress—strain response in Figure 12(b). The fracture
energy does not alter the elastic behavior of the mater-
ial. Beyond the elastic limit, the material displays
softening behavior, the rate of which increases with
decreasing fracture energy, indicating a more brittle
behavior.

Effect of cohesive strengths at debonding interfaces. The
effect of the cohesive strength on the behavior of the
material is investigated. The particle size is set as
R=1mm, with a volume fraction of fuice = 0.3,
and a coating thickness of 0.3 mm. The particle, coat-
ing, and matrix have an elastic modulus of 100 GPa,
200 MPa, and 100 MPa, respectively. The cohesive
strengths for the two interfaces are varied independ-
ently. When the strength of the particle-coating inter-
face is set to 15MPa, the material separates at the
coating-matrix interface, and no separation occurs at
the particle-coating interface, as demonstrated by the
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Figure 13. Effect of cohesive strength on the constitutive

relationship.

single kink in the response illustrated in Figure 13.
However, when the strength of the particle-coating
interface is set to 10 MPa, the material separates at
the particle-coating interface first then at coating-
matrix interface. Beyond the elastic limit, the material
displays softening behavior in all cases considered. At
large macroscopic strains, complete separation occurs
and the load is carried entirely by the matrix shell.

Remarks on results

The results from both the theoretical and computa-
tional models agree well with one another. The initial,
elastic region is captured exactly in all cases. In general,
the elastic limit (the point at which separation initiates)
is captured, and the post peak behavior is represented
well. When the chosen cohesive parameters lead to very
brittle behavior, represented by rapid changes in stress
with small increases in strain, the results from the finite
element model deviate slightly from those captured the-
oretically. Through this thorough parametric study, we
have illustrated the significant effect that a coating has
on the overall macroscopic behavior of composite
materials.

Discussion of extensions

While the current formulation focuses on the important
case of hydrostatic tension, the numerical model is gen-
eral and can be extended to any case of loading or
underlying material. In this section, we motivate the
extension of this work, by numerically considering the
case of a composite material with coated particle inclu-
sions loaded in uniaxial tension. Under uniaxial ten-
sion, the debonding behavior of the matrix from the
particle is nonuniform, going through gradual stages
of partial debonding, as observed experimentally and
illustrated in Figure 14.
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The problem of uniaxial tension of linear elastic
materials, accounting for debonding, has been investi-
gated by numerous researchers. Needleman*® devel-
oped a cohesive model and applied it to the problem
of inclusion debonding of a particle reinforced compos-
ite. He was able capture the partial debonding and
stress redistribution behavior around the particle.
Levy*’ investigated nonlinear interfacial debonding of
a fiber reinforced composite material using a single
composite cylinder. Tan et al.?® extended the Mori—
Tanaka method to the case of uniaxial tension,
accounting for interface debonding using a linear
softening cohesive relation. None of the above investi-
gations considered the influence of a coating (or inter-
phase) between the particle and the matrix; however,
Shodja and Sarvestani,*® Shodja and Roumi,” and
Hatami-Marbini and Shodja* have demonstrated

Figure 14. Experimental observation of interface debonding in

a metal matrix composite undergoing uniaxial tension, Kanetake
45

et al.

that there are significantly different elastic fields
around such inclusions, effecting the behavior of
debonding.

Uniaxial tension with separation along the
particle-coating interface

The first scenario we consider investigates progressive
debonding at the particle-coating interface. The geom-
etry and mesh of the model is illustrated in Figure 15.
The particle has a volume fraction of 20%, with a
diameter of 1 mm, and the coating is 0.1 mm thick.
The matrix has an elastic modulus of 80 MPa, and
the particle has an elastic modulus of 400 MPa.
Cohesive elements are inserted between the particle
and the matrix and have a cohesive fracture energy of
1.0N/m, a cohesive strength of 15MPa, a softening
shape parameter of 3, and an initial slope indicator of
0.005. The finite element mesh contains approximately
100,000 linear tetrahedral elements to model the bulk
material and 3765 cohesive elements to capture the
debonding behavior. Rollers are placed on the faces
corresponding to the planes of symmetry, and the lat-
eral extension is displacement controlled, as illustrated
in Figure 15.

The results of the analysis are illustrated in Figure 16.
When the coating is introduced, the elastic stiffness and
elastic limit increase slightly. However, the most signifi-
cant influence of the coating is in the post-peak behavior
of the composite. Without the coating, the composite
displays a small region of softening prior to an extended
region of hardening. The cases which include a coating
display hardening behavior past the elastic limit. In com-
parison to the hydrostatic loading cases considered
throughout the rest of the paper, the global strain at
the elastic limit is two to three times greater than that

Figure 15. Single particle model used for uniaxial tension simulations. (a) Geometry illustrating the displacement controlled lateral

displacement and (b) mesh.
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seen in comparable hydrostatic loading cases. As well,
the transition between the elastic range and the
debonded range is more gradual in the case of uniaxial
tension, because the debonding occurs gradually, initi-
ating at the pole of the particle and propagating down to
the equator, as illustrated in Figure 17.

Uniaxial tension with separation at both the particle-
coating and coating-matrix interfaces

For additional motivation, we consider a scenario in
which concurrent separation is permitted at both the
particle-coating interface and coating-matrix interface.
The same bulk mesh is selected for this study, with an
additional 5812 cohesive elements inserted between the
coating and the matrix. All the cohesive elements have
a cohesive fracture energy of 1.0N/m, a softening
shape parameter of 3, and an initial slope indicator of
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Figure 16. Constitutive response for the coated particle
composite loaded in uniaxial tension, demonstrating the influence
of the coating when separation is permitted at the particle-
coating interface. The following properties are considered:
Ematrix = 80 MPa, Eparticles = 400 MPa, ﬁ)anicle =02,

teoating = 0.1 mm, ocohesive = |5 MPa, @eohesive = 1.0N/m.
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0.005. The cohesive strength is 8 MPa and 12 MPa at
the particle-coating and coating-matrix interfaces,
respectively.

The results of the analysis are illustrated in
Figure 18. The “no coating” case corresponds to a
coating layer with the properties of the matrix. As
with the single separation case, when the coating is
introduced, the elastic stiffness and elastic limit increase
slightly. There are two distinct kinks in the stress—strain
response of the material. Separation initiates at the par-
ticle-coating interface, at a macroscopic stress of
approximately 10 MPa. Beyond this point, the stiffness
of the material decreases with decreasing coating modu-
lus. The second distinct kink in the stress—strain
response represents the initiation of separation at the

coating-matrix interface. After the coating-matrix
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Figure 18. Constitutive response for the coated particle
composite loaded in uniaxial tension, demonstrating the influence
of the coating when separation is permitted at both the particle-
coating and coating-matrix interfaces. The following properties
are considered: Enpqyrix = 80 MPa, Epricles = 400 MPa,

ﬂ::an:icle =02, tcoating = 0.1 mm, Ocohesive = 10 MPa,

Peohesive = 1.0 N/m. The configurations A, B, and C are illustrated
in Figure 19.

Figure 17. Progression of debonding of a coated particle under uniaxial tension when separation is permitted at the particle-coating
interface. Displacements scaled by a factor of 10, for illustrative purposes.
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(a) (b)

Figure 19. Progression of debonding of a coated particle under uniaxial tension when separation is permitted at both the particle-
coating and coating-matrix interfaces. Displacements scaled by a factor of 10, for illustrative purposes. The configurations A, B, and C

are illustrated in Figure 18 for the constitutive response.

interface separates, the material displays snap-back
behavior in all cases considered. At large macroscopic
strains, complete separation occurs, and the load is
carried entirely by the matrix shell. The progression
of debonding is illustrated in Figure 19.

Conclusion

The macroscopic response of composite materials with
multi-coated particles is investigated through a paired
theoretical and computational study. We have used the
extended Mori-Tanaka model for the theoretical
micromechanics investigation, while the computational
study uses three-dimensional finite element models with
intrinsic cohesive elements. The cohesive elements
follow the PPR potential-based cohesive zone model,
capturing the nonlinear debonding process at the inter-
face, and are implemented in the commercial finite
element software ABAQUS. The change in the macro-
scopic behavior due to changes in the microstructure is
the focus of this investigation. The effects due to vari-
ation in volume fraction of particles, in coating thick-
ness, in material properties, in cohesive properties, and
in location of separation are investigated. In general,
when separation is permitted at a single interface (either
the particle-coating or coating-matrix interface), the
behavior captured numerically agrees well with that
captured theoretically (Figures 7 to 10). Depending
on the material properties, when multiple interfaces
are permitted to separate, the particle-coating interface
tends to separate first, followed by the coating-matrix
interface, resulting in two distinct kinks in the stress—
strain response (Figures 11 to 13). When the macro-
scopic stress—strain response displays softening or
hardening behavior, the debonding process is stable,
whereas when the response displays snap-back behav-
ior, the debonding process demonstrates instabilities.
Overall, the results from the computational study

correlate very well with those from the theoretical
study and provide insight to the debonding process of
composite materials with multi-coated particles. The
natural extension of this work is to consider additional
loading cases and constitutive relations. The extension
of the numerical model to uniaxial tension illustrates
progressive debonding behavior regardless of the loca-
tion of separation.

Author contribution

Roohollah Hashemi and Daniel W Spring contributed
equally to this work.

Funding
We acknowledge support from the National Science
Foundation, under grants #1031218, #1321661, and

#1437535. Daniel W Spring gratefully appreciates the support
of the Natural Sciences and Engineering Research Council of
Canada. We also acknowledge support from the Donald and
Elizabeth Willett endowment at the University of Illinois at
Urbana-Champaign (UIUC). The opinions expressed are
solely those of the authors and do not necessarily reflect the
views of the sponsors or sponsoring agencies.

Conflict of interest

None declared.

Acknowledgements
We thank Professor Marco Alfano (University of Calabria)

for helpful discussion regarding the content of this
manuscript.

References

1. Qu M, Deng F, Kalkhoran SM, et al. Nanoscale visual-
ization and multiscale mechanical implications of bound
rubber interphases in rubber-carbon black nanocompo-
sites. Soft Matter 2011; 7: 1066-1077.

Downloaded from jcm.sagepub.com at GEORGIA TECH LIBRARY on November 1, 2015


http://jcm.sagepub.com/

3454

Journal of Composite Materials 49(27)

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Hashemi

Nemat-Nasser S and Hori M. Micromechanics: overall
properties of heterogeneous materials, second edition. The
Netherlands: Elsevier, 1993.

. Hori M and Nemat-Nasser S. Double-inclusion model

and overall moduli of multi-phase composites. J Eng
Mater Tech 1994; 116: 305-309.

. Dunn ML and Ledbetter H. Elastic moduli of composites

reinforced by multiphase particles. J Appl Mech 1995; 62:
1023-1028.

. Kalamkarov AL and Kolpakov AG. Analysis, design and

optimization of composite structures, 2nd ed. Chichester,
England: John Wiley & Sons Ltd, 1997.

. EI Mouden M, Cherkaoui M, Molinari A, et al. The

overall elastic response of materials containing coated
inclusions in a periodic array. Int J Eng Sci 1998; 36:
813-829.

. Shodja HM and Roumi F. Overall behavior of compos-

ites with periodic multi-inhomogeneities. Mech Mater
2005; 37: 343-353.

R, Weng GJ, Kargarnovin MH, et al.
Piezoelectric composites with periodic multi-coated inho-
mogeneities. Int J Solids Struct 2010; 47: 2893-2904.

. Bertoldi K and Lopez-Pamies O. Some remarks on the

effect of interphases on the mechanical response and sta-
bility of fiber-reinforced composites. J Appl Mech 2012,
79: 031023.

Han F, Azdoud Y and Lubineau G. Computational mod-
eling of elastic properties of carbon nanotube/polymer
composites with interphase regions. Part I: micro-struc-
tural characterization and geometric modeling. Comput
Mater Sci 2014; 81: 641-651.

Han F, Azdoud Y and Lubineau G. Computational mod-
eling of elastic properties of carbon nanotube/polymer
composites with interphase regions. Part II: mechanical
modeling. Comput Mater Sci 2014; 81: 652-661.

Mura T and Furuhashi R. The elastic inclusion with a
sliding interface. ASME J Appl Mech 1984; 51: 308-310.
Mura T. Micromechanics of defects in solids, 2nd, revised
ed. The Netherlands: Kluwer Academic Publishers, 1991.
Tan H, Huang Y, Liu C, et al. The Mori-Tanaka method
for composite materials with nonlinear interface debond-
ing. Int J Plast 2005; 21: 1890-1918.

Crouch SL and Mogilevskaya SG. Loosening of elastic
inclusions. Int J Solids Struct 2006; 43: 1638—1668.
Duan HL, Yi X, Huang ZP, et al. A unified scheme for
prediction of effective moduli of multiphase composites
with interface effects. Part I: theoretical framework.
Mech Mater 2007; 39: 81-93.

Brassart L, Inglis HM, Delannay L, et al. An extended
Mori-Tanaka homogenization scheme for finite strain
modeling of debonding in particle-reinforced elastomers.
Comput Mater Sci 2009; 45: 611-616.

Benveniste Y. The effective mechanical behavior of com-
posite materials with imperfect contact between the con-
stituents. Mech Mater 1985; 4: 197-208.

. Achenbach JD and Zhu H. Effect of interfacial zone on

mechanical behavior and failure of fiber-reinforced com-
posites. J Mech Phys Solids 1989; 37: 381-393.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Sangani AS and Mo G. Elastic interactions in particulate
composites with perfect as well as imperfect interfaces.
J Mech Phys Solids 1997, 45: 2001-2031.

Nie S and Basaran C. A micromechanical model for
effective elastic properties of particulate composites
with imperfect interfacial bonds. Int J Solids Struct
2005; 42: 4179-4191.

Schjudt T and Pyrz R. Overall creep modelling of short
fibre reinforced composites with weakened interfaces and
complex fibre orientation. Mech Mater 2000; 32:
349-359.

Lee HK and Pyo SH. Micromechanics-based elastic
damage modeling of particulate composites with wea-
kened interfaces. Int J Solids Struct 2007; 44: 8390-8406.
Xu XP and Needleman A. Void nucleation by inclusion
debonding in a crystal matrix. Modell Simul Mater Sci
Eng 1993; 1: 111-132.

Tan H, Huang Y, Liu C, et al. The uniaxial tension of
particle-reinforced composite materials with nonlinear
interface debonding. Int J Solids Struct 2007; 44:
1809-1822.

Tan H, Huang Y, Liu C, et al. Constitutive behaviors of
composites with interface debonding: the extended Mori-
Tanaka method for uniaxial tension. Int J Fract 2007,
146: 139-148.

Carpinteri A, Paggi M and Zavarise G. Snap-back
instability in micro-structured composites and its connec-
tion with superplasticity. Strength Fract Complex 2005; 3:
61-72.

Ngo D, Park K, Paulino GH, et al. On the constitutive
relation of materials with microstructure using a poten-
tial-based cohesive model for interface interaction. Eng
Fract Mech 2010; 77: 1153-1174.

Othmani Y, Delannay L and Doghri I. Equivalent inclu-
sion solution adapted to particle debonding with a non-
linear cohesive law. Int J Solids Struct 2011; 48:
3326-3335.

Mori T and Tanaka K. Average stress in matrix and
average clastic energy of materials with misfitting inclu-
sions. Acta Metall 1973; 21: 571-574.

Weng GJ. Some elastic properties of reinforced solids
with special reference to isotropic ones containing spher-
ical inclusions. Int J Eng Sci 1984; 22: 845-856.

Qiu YP and Weng GJ. On the application of Mori-
Tanaka’s theory involving transversely isotropic inclu-
sions. Int J Eng Sci 1990; 28: 1121-1137.

Park K, Paulino GH and Roesler JR. A unified potential-
based cohesive model for mixed-mode fracture. J Mech
Phys Solids 2009; 57: 891-908.

Park K and Paulino GH. Computational implementation
of the PPR potential-based cohesive model in ABAQUS:
educational perspective. Eng Fract Mech 2012; 92:
239-262.

Spring DW and Paulino GH. A growing library of three-
dimensional cohesive elements for use in ABAQUS. Eng
Fract Mech 2014; 126: 190-216.

Timoshenko S and Goodier JN. Theory of elasticity, 3rd
ed. New York: McGraw-Hill, 1970.

Downloaded from jcm.sagepub.com at GEORGIA TECH LIBRARY on November 1, 2015


http://jcm.sagepub.com/

Hashemi et al.

3455

37.

38.

39.

40.

41.

42.

Phan-Thien N and Kim S. Microstructures in elastic
media:  Principles  and  computational ~— methods.
New York: Oxford University Press, 1994.

ABAQUS Version 6.11 Documentation, 2011. Dassault
Systemes Simulia Corp., Providence, RI, USA.

Miehe C. Computational micro-to-macro transitions for
discretized micro-structures of heterogeneous materials at
finite strains based on the minimization of averaged
incremental energy. Comput Methods Appl Mech Eng
2003; 192: 559-591.

Okereke MI and Akpoyomare Al. A virtual framework
for prediction of full-field elastic response of uni-
directional composites. Comput Mater Sci 2013; 70:
82-99.

Low LF and Abu Baker A. Advanced hollow epoxy par-
ticle-filled composites. J Compos Mater 2011; 45:
2287-2299.

Liu JA, Yu SR, Huang ZQ, et al. Microstructure and
compressive property of in situ Mg,Si reinforced Mg-
microballoon composites. J Alloys Compd 2012; 537:
12-18.

43.

44.

45.

46.

47.

48.

49.

Porfiri M and Gupta N. Effect of volume fraction and
wall thickness on the elastic properties of hollow particle
filled composites. Compos Part B 2009; 40: 166-173.
Liang JZ. Impact fracture toughness of hollow glass
bead-filled polypropylene composites. J Mater Sci 2007,
42: 841-846.

Kanetake N, Nomura M and Choh T. Continuous obser-
vation of microstructural degradation during tensile load-
ing of particle reinforced aluminum matrix composites.
Mater Sci Tech 1995; 11: 1246-1252.

Needleman A. A continuum model for void nucleation by
inclusion debonding. J Appl Mech 1987; 54: 525-531.
Levy AJ. The fiber composite with nonlinear interface —
Part I: axial tension. J Appl Mech 2000; 67: 727-732.
Shodja HM and Sarvestani AS. Elastic fields in double
inhomogeneity by the equivalent inclusion method.
J Appl Mech 2001; 68: 3—-10.

Hatami-Marbini H and Shodja HM. Effects of interface
conditions on thermo-mechanical fields of multi-phase
nano-fibers/particles. J Therm Stresses 2009; 32:
1166—-1180.

Downloaded from jcm.sagepub.com at GEORGIA TECH LIBRARY on November 1, 2015


http://jcm.sagepub.com/

