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a b s t r a c t 

In this work, three-dimensional metal-matrix composites (MMCs) reinforced by shape memory alloy 

(SMA) wires are modeled and simulated, by adopting an SMA constitutive model accounting for elastic 

deformation, phase transformation and plastic behavior. A modeling method to create composites with 

pre-strained SMA wires is also proposed to improve the self-healing ability. Experimental validation is 

provided with a composite under three-point bending. This modeling method is applied in a series of 

finite element simulations to investigate the self-healing effects in pre-cracked composites, especially 

the role of the SMA reinforcement, the softening property of the matrix, and the effect of pre-strain 

in the SMA. The results demonstrate that SMA reinforcements provide stronger shape recovery ability 

than other, non-transforming materials. The softening property of the metallic matrix and the pre-strain 

in SMA are also beneficial to help crack closure and healing. This modeling approach can serve as an 

efficient tool to design SMA-reinforced MMCs with optimal self-healing properties that have potential 

applications in components needing a high level of reliability. 

© 2016 Published by Elsevier Ltd. 

1. Introduction 

Self-healing materials and material systems, exhibiting an 

ability to repair damage and recover functionality, comprise a new 

field that has advanced rapidly in recent years ( Blaiszik et al., 

2010; Chen et al., 2002; Ghosh, 2009; White et al., 2001 ). To date, 

most research conducted on self-healing materials has focused 

on self-healing polymers ( Chen et al., 2014; White et al., 2001; 

Wu et al., 2008 ) and ceramics ( Madhan et al., 2012; Rebillat, 

2014; Ruggles-Wrenn et al., 2014 ), while self-healing metals and 

metal composites have been less studied ( Ferguson et al., 2015 ). 

In a series of seminal papers, Olson ( Files et al., 1997 ), Manuel 

( Manuel et al., 2007 ), and co-workers ( Bender et al., 2008 ) de- 

veloped an approach for providing the self-healing property to 

metal-matrix composites (MMCs). The essential idea is to embed 

the shape memory alloy (SMA) reinforcements into specially 

engineered self-healing metal matrices. When a force is applied 

to a composite, it induces crack initiation and/or propagation, as 

well as phase transformation in the SMA wires. Since SMAs have 
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the ability to recover their original shape even after significant 

deformation by applying heat above the transformation tempera- 

ture of SMA, a reverse transformation takes place in the SMA and 

promotes shape recovery. Consequently, a recovery force is pro- 

vided to the matrix, pulling the fracture surfaces together ( Burton 

et al., 2006; Fremond, 1996 ). The matrices in turn are engineered 

to undergo a softening and partial liquefaction, to further enhance 

the closure and healing of the crack. 

A proof-of-concept was developed for a self-healing SMA- 

reinforced Sn-based MMC by Manuel in 2007 ( Manuel et al., 

2007 ). Based on this composite design, a liquid-assisted Shape 

Memory Alloy Self-Healing (SMASH) technology has been pro- 

posed that can be applied to other metal matrix materials ( Fisher 

et al., 2013; Wright et al., 2013 ). This metal-metal composite 

system can be used in structures in high-stress locations where 

fatigue cracks tend to initiate, which can be particularly useful in 

aeronautical applications ( Wright et al., 2013 ) or remote locations 

where replacement parts are unavailable. SMASH technology uti- 

lizes both the shape memory property of SMA reinforcements and 

liquid-assisted healing of the metal matrix. Upon heating the MMC 

system with cracks generated from loading, the reverse transfor- 

mation in the SMA promotes the MMC to shrink and close the 

crack surfaces. Meanwhile, at the elevated temperature, the matrix 

http://dx.doi.org/10.1016/j.mechmat.2016.09.005 

0167-6636/© 2016 Published by Elsevier Ltd. 

http://dx.doi.org/10.1016/j.mechmat.2016.09.005
http://www.ScienceDirect.com
http://www.elsevier.com/locate/mechmat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mechmat.2016.09.005&domain=pdf
mailto:cbrinson@northwestern.edu
http://dx.doi.org/10.1016/j.mechmat.2016.09.005


2 P. Zhu et al. / Mechanics of Materials 103 (2016) 1–10 

becomes partially molten and acts as a healing agent to reshape, 

fill and heal the crack. Upon returning to room temperature, the 

matrix solidifies fully and the SMA retains in its original shape. 

Thus, the crack in the SMA-reinforced MMC is healed without 

applying external forces. The feasibility of this liquid-assisted 

SMASH technology has been previously demonstrated ( Ferguson 

et al., 2015; Manuel et al., 2007; Nosonovsky et al., 2011 ). Since 

this method enables repeatable usage of the healing agent, damage 

could be repaired multiple times over the lifetime of the structure. 

In parallel with the proof-of-concept, some efforts have 

been dedicated to investigate the modeling of self-healing SMA- 

reinforced composite structures. In general, micromechanics and 

finite elements are the two major approaches used in the previous 

studies ( Araki et al., 2002; Bor et al., 2010; Burton et al., 2006; 

Kawai et al., 1999 ). Micromechanical approaches can capture the 

behavior of a representative microstructure very well, but they 

are not easily applicable at the structural scale. On the other 

hand, finite element (FE) approaches employ phenomenological 

descriptions and enable fast computation for engineering com- 

ponents, which are preferable for macroscopic structures. One FE 

approach is to develop special composite elements ( Marfia et al., 

20 03; Zak et al., 20 03 ), while another more flexible approach is 

to model the reinforcement and matrix separately. In the latter 

approach, previous studies have mostly adopted one-dimensional 

constitutive models of the SMAs ( Burton et al., 2006; Sharma 

et al., 2008 ). Though one-dimensional constitutive models can 

capture the uniaxial behavior, they fail to characterize the non- 

uniaxial performance. Another key drawback of most existing 

constitutive models is that they have not considered all the major 

properties or mechanical behaviors of SMAs, such as reorientation, 

self-accommodated martensite ( Lee et al., 20 0 0 ), or plasticity 

( Burton et al., 2006 ). To address these issues, a number of three- 

dimensional phenomenological constitutive models of SMAs have 

been developed ( Peng et al., 2012; Popov et al., 2007; Zhu et al., 

2014 ). In this work, we use, as a base, the Stebner-Brinson model 

( Stebner et al., 2013 ), and, specifically, an improved SMA model 

that accounts for elasticity, orientation (phase transformation 

between austenite and martensite), reorientation (transforma- 

tion among the various states of martensite), as well as plasticity 

( Zhu et al., 2014 ). The implementation of this model is achieved by 

developing a user subroutine VUMAT to adapt Abaqus/Explicit. By 

applying this SMA model, this work proposes a modeling method 

for three-dimensional self-healing SMA-reinforced MMC structures. 

The remainder of the paper is organized as follows: in 

Section 2 , we briefly introduce the three-dimensional SMA con- 

stitutive model; in Section 3 , the finite element modeling strategy 

and experimental validation of the self-healing composites is 

presented with results and discussion in Section 4 , followed by 

conclusions. 

2. Three-Dimensional SMA constitutive model 

The constitutive model of the SMA used in this study is a 

recently developed implementation of the Stebner-Brinson model 

( Zhu et al., 2014 ), a three-dimensional constitutive model that in- 

corporates elastic deformation, orientation (phase transformation), 

reorientation, as well as plasticity. In self-healing composites, local 

stresses near inclusions and crack tips can be quite high, indicating 

that plastic deformation cannot be neglected. 

According to this constitutive model, strain is composed of 

elastic, orientation, reorientation, and plastic parts. The sum of 

the orientation, reorientation and plastic strains is also called the 

inelastic strain. The relation of the strains can be written as 

ε = ε e + ε in = ε e + ε σ + ε re + ε pl (1) 

where the superscripts e, σ , re and pl represent elastic, orientation, 

reorientation, and plastic terms, respectively. 

The martensitic volume fraction ξ is the sum of two variables, 

ξσ and ξ SA , denoting oriented ( σ ) and self-accommodated ( SA ) 

martensitic volume fraction, respectively. ξ , ξσ and ξ SA should all 

lie in the range between 0 to 1. 

The model is formulated based on the expression of the 

Helmholtz free energy and the second law of thermodynam- 

ics, which is then written in the form of the Clausius-Duhem 

inequality as ( Panico et al., 2007 ) 

ρD p = X σ : ˙ ε σ + X re : ˙ ε re + X SA 
˙ ξSA + X pl : ˙ ε pl ≥ 0 (2) 

in which ρ is the material density, and D p the dissipation potential, 

and four driving forces ( X ) are defined as 

X σ = σ ′ − ( ρ〈 T ˜ η0 − ˜ μ0 〉 + H σ ξσ ) √ 

3 / 2 ε max 

N( ε tr ) 

X re = σ ′ 

X SA = −ρ(T ˜ η0 − ˜ μ0 ) 

X pl = σ ′ − β (3) 

where σ′ is the deviatoric stress, T is temperature, ɛ max is the 

maximum transformation strain, H σ is a material parameter gov- 

erning the hardening of transformation ( Panico et al., 2007 ), N ( ɛ tr ) 
is the norm unit of transformation strain, ˜ η0 and ˜ μ0 are specific 

energy and entropy ( Stebner et al., 2013 ) respectively, and β is the 

back stress ( Zhu et al., 2014 ). 

The evolution equations are: 

˙ ε σ = 

˙ λσ X σ

˙ ε re = 

˙ λre ̂  I ( ε re ) : X re 

˙ ξSA = 

˙ λSA X SA 

˙ ε pl = 

˙ λpl = 

√ 

2 

3 

1 

2 μ(1 + 

K 
3 μ ) 

(
(σ ′ − β) : (σ ′ − β) 

1 / 2 − 2 

3 

σ0 

)
(4) 

in which ˙ ε pl denotes the magnitude of the increment of plastic 

strain tensor, ˙ λ denotes Lagrange multipliers, ˆ I is a fourth-order 

tensor that projects its transverse part ( Belytschko et al., 2013 ), K 

is plastic hardening coefficient, μ is the Lame parameter, and σ 0 

is the uniaxial equivalent yield stress. 

Kinetic relations are introduced by the limit functions ( F ): 

F σ = ‖ 

X σ‖ 

− Y σ ( ξσ ) 

F re = 

∥∥ˆ I ( ε tr ) : σ
′ ∥∥ − Y re 

F SA = X SA − Y SA ( ξSA ) 

F pl = 

∥∥∥σ ′ − β
∥∥∥ − σ0 (5) 

which satisfy the Kuhn-Tucker conditions: 

F α ≤ 0 ; � λα ≥ 0 ; � λαF α = 0 (6) 

where subscript α takes on the values α = σ, re, SA, pl. Y α in Eqs. 

(5) represent kinetic equations used to determine the state of the 

SMA (orientation, reorientation, plasticity, etc.) 

During the computation, the total strain, ɛ , and temperature, 

T , are chosen as control variables. In each step, for every ɛ and 

T , the limit function of plasticity is evaluated first, and if not 

satisfied, the calculation proceeds in the order of reorientation, 

orientation and self-accommodation. In these modules, the stress, 

strain and martensitic volume fractions will be updated based 

upon the aforementioned equations and algorithms. Fig. 1 displays 

a detailed flowchart of this algorithm, and more details can be 

found in the literature ( Zhu et al., 2014 ). It is also noted here 

that orientation, reorientation, self-accommodation and plasticity 

are assumed to behave independently in this paper. Accordingly, 
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