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Abstract

In the framework of metal matrix composites, a research gap exists regarding tailoring damage mech-

anisms. The present work aims at developing an Al/NiTi composite incorporating internal stresses in the

vicinity of reinforcements. The composite is manufactured by friction stir processing which allows a ho-

mogenous NiTi distribution and a good Al/NiTi interface bonding. The internal stresses are introduced

via shape memory e�ect of the embedded NiTi particles. The induced internal strain field is confirmed

by digital image correlation and the corresponding stress field is evaluated by finite element simulation.

It is found that the damage mechanism is modified in the presence of internal stresses. The consequent

enhancement of fracture toughness arises by the fact that the internal stresses foster discrete damages

shifted from the fracture ligament line. These damages release the stress concentration at the main crack

tip and lead to a deviated crack path when coalescing to accommodate fracture propagation.

Keywords: Metal-matrix composites (MMCs), shape memory e�ect, damage mechanics, fracture

toughness

1. Introduction

Mechanical strength is one of the key parameters in the design of metal-based structures in auto-

motive and aerospace applications. In order to improve the mechanical properties of light metals such

as aluminium and magnesium, a widely practiced and well documented approach consists of alloying

with additional elements to form nanometric precipitates. The precipitates serve to hinder the dislocation

movement and thus contribute to strengthening. Another possible strategy to strengthen alloys is adding

reinforcement agents into metallic matrices to form metal matrix composites (MMCs) [1, 2, 3]. This can

enable tailoring both functional [4] and mechanical properties [5, 6].

The improvement in mechanical strength is attractive in MMCs. The ductility sacrifice, however,

remains a challenging issue due to the prevailing failure at the interface between the matrix and the

reinforcements [7, 8]. Premature interface failure may also significantly decrease the fracture toughness
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of the composite. It has additionally been widely recognized that metallic reinforcements allow creating

stronger bonding than ceramic ones. However, the formation of brittle intermetallic phases at the metal-

metal interface still degrades the material ductility [9]. The detrimental e�ect of embrittlement could

be remedied in the first place by reducing the size and volume fraction of the reinforcements [10, 11].

Nevertheless, this remedy may impose a compromise on the desired content of reinforcements.

In the designs of MMCs, most of the previous e�orts have simply pursued high mechanical strength,

while little attention was paid to the crack growth mechanism [12] and fracture toughness [13]. Con-

versely, in the framework of another composite family based on ceramic matrices, a variety of designs

were developed to toughen brittle materials involving generally low fracture resistance [14, 15]. The

toughening e�ect was mainly achieved via internal thermal stresses resulting from the mismatch in ther-

mal expansion coe�cients. The introduction of thermal stresses was first practiced in dual phase ceramic

materials [16, 17] and then transferred to ceramic matrix composites (CMCs) incorporating secondary

particles [14, 15]. The underlying mechanism of toughness improvement in CMCs consists of repelling

and deviating the crack tip by compressive internal stresses [15]. Indeed, in brittle materials, crack de-

viation involves one of the most e�cient approaches to improve the fracture toughness, given that more

energy should be dissipated to create new surfaces. Successful examples can be found in bioinspired

(nacre structure) ceramics [18, 19]. The strategy of increasing fracture toughness by crack deviation can

also be applied to metallic materials. Recent modeling showed that the fracture toughness of ductile

materials could be correlated to the crack deviation which was quantified by the fracture surface rough-

ness [20, 21]. An increase in fracture surface roughness can be translated into an increase in fracture

toughness.

A research gap still exists in the framework of MMCs in terms of toughening metallic matrices,

in particular via crack deviation resulting from local internal stresses. Thermal internal stresses might

not be a good solution to tackle this problem, since a large mismatch in thermal expansion coe�cients

necessitates ceramic reinforcements, while the use of metallic reinforcements needs cooling from high

temperature, which will favor the formation of intermetallic phases and change the thermal state of the

matrix material such as precipitate hardenable aluminium. Alternatively to thermal stresses, shape mem-

ory alloy (SMA) particles [22] o�er a possibility to introduce local internal stresses in MMCs. These

internal stresses are obtained via the shape change of the embedded SMA reinforcements, using the shape

memory e�ect [23, 24]. In literature, NiTi particle reinforced composites have already been developed

in non-heat treatable Al alloys [25, 26, 27] as well as precipitate hardenable Al alloys [9, 28]. In these

studies, the authors mainly investigated the strengthening e�ect relative to internal stresses, while the

fracture toughness was not assessed. It was surprisingly found that the internal stresses induced by SMA

particles had no strengthening e�ect on the composite [25]. This could be explained by the fact that lo-
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cal tension and compression internal stresses co-exist around each NiTi particle and the resultant global

internal stress is null. Nevertheless, the internal stresses are expected to more e�ectively a�ect the crack

initiation and propagation, in spite of the co-existence of tension and compression. The crack propaga-

tion, which develops from very local damage to the coalescence of local voids [29, 30], is supposed to

be more sensitive to the local stress state.

The present work aims at achieving crack deviation, i.e., enhancing fracture toughness, via the in-

troduction of internal stresses in ductile materials. For this purpose, an Al/NiTi composite is developed.

Friction stir processing (FSP), a technique derived from friction stir welding (FSW) [31] is employed to

manufacture the composite. This technique ensures solid-state of the material and thus hinders solidifi-

cation defects and complex chemical reactions between the metal matrix and the reinforcements while

resulting in solid interface bonding, as exerted in the pioneer studies on Al/NiTi composites manfactured

by FSP [25] or electrical current assisted FSW [27]. Moreover, FSP has been proven to be an e�cient

technique to uniformly integrate reinforcement particles in MMCs [32, 33]. Following the composite

manufacturing, internal stresses are generated by pre-straining and the shape recovery e�ect of the inte-

grated NiTi particles. The induced internal strain field is confirmed using digital image correlation and

the corresponding internal stress field is assessed by a finite element simulation. The crack propagation

path is investigated with single edge pre-cracked tension tests and the fracture toughness is measured

with compact tension tests. A correlation between fracture surface roughness and fracture toughness is

finally established.

2. Experiments

2.1. Design of Al/NiTi composites

The Al/NiTi composite is designed according to the principle illustrated in Fig. 1. The first step

consists of integrating NiTi particles inside the Al matrix and ensuring the martensitic phase of the em-

bedded NiTi. It should be noted that martensitic and austenitic NiTi particles share the same external

shape at stress-free state. Secondly, a pre-straining is conducted to change the shape of the embedded

NiTi particles, involving a phase transformation from twinned martensite to detwinned martensite. Fi-

nally, a heating is applied to the composite to force the NiTi particles to recover their shape before the

pre-straining step. This involves a phase transformation from detwinned martensite to austenite. Internal

stresses are generated in the vicinity of NiTi particles since the surrounding Al matrix needs to accom-

modate the shape change of the NiTi during the aforementioned phase transformation. Theoretically, the

internal stresses will be in tension on the two sides along the pre-straining direction and in compression

on the sides perpendicular to the pre-straining direction (Fig. 1, after heating).
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2.2. Materials

In order to evade complex reactions between the reinforcement and the alloying elements in Al

alloys, and to avoid severe defects such as particle clustering and cavities due to inappropriate material

flow involved in high strengh Al alloy based MMCs [34, 35], the commercial pure aluminium 1050-H14

was selected as the composite matrix. The chemical composition is displayed in Table 1. The Al plate

is 200 mm long, 80 mm wide and 6 mm thick. The NiTi particles used in this study present a nearly

equiatomic composition. The particles have an almost spherical shape (see Supplementary Fig. 1). The

mean particle diameter is 79 µm according to a granulometric measurement. The phase transformation

temperatures of the NiTi particles were measured using di�erential scanning calorimetry (DSC) from

-80 �C to 80 �C at a rate of 2 �C min�1. The transformation temperature values were found as As=30 �C,

A f=45 �C, and Ms=15 �C, M f=-10 �C (see Supplementary Fig. 2).

2.3. Composite manufacturing

The composite manufacturing process is schematically represented in Fig. 2. The integration of NiTi

particles in the Al matrix was conducted by FSP. A groove, which is 166 mm long, 3 mm wide and 4.8

mm deep, was machined in the Al plate. The NiTi particles were embedded inside the groove and then

covered with a 0.2 mm thick Al 1050 sheet. The cover sheet was used to impede the loss of NiTi particles

during FSP. The backing plate and the clamping system were installed in a tank containing cutting oil,

which helps to increase the cooling rate. FSP was conducted with a conventional milling machine, using

a tool made of H13 steel that is composed of a scrolled shoulder of 20 mm in diameter and a M6 threaded

Triflat pin of 5.2 mm in length (see Ref. [36] for a schematic view of the tool geometry). The tool was

tilted backwards with an angle of 1�. During processing, the tool penetrated 5.4 mm into the material

and then stirred the material with a rotational speed of 1000 rpm and a transverse speed of 50 mm/min.

The relatively high rotational speed and low transverse speed were applied to generate su�cient heat

to increase the material flow in the processed zone, thus to favor the dispersion of NiTi particles. Four

passes were performed to ensure a uniform distribution of the reinforcements. The phase transformation

temperatures of the composite with integrated NiTi particles were shown to be almost identical as those

of the as-received NiTi powder (see Supplementary Fig. 2).

After FSP, the plate was first machined to eliminate the cover sheet as well as the FSP burrs, the

thickness of the composite plate was thus reduced to 5 mm. Then the plate was cooled down to -20 �C

for 24 hours to obtain the martensitic phase of the NiTi particles. Afterwards, the plate was cold rolled,

reducing the thickness from 5 mm to 3 mm (a reduction of 40%) to pre-strain the NiTi particles (Fig. 1).

Note that this thickness reduction is expected to be su�cient to generate detwinned martensite in the NiTi

particles, given that the shape memory e�ect induced internal strain has been detected after pre-straining

the Al1100/NiTi composites through a thickness reduction of 38% [25]. The cold rolled plate was finally
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heat treated at 80 �C during 15 minutes to recover the shape of the NiTi particles, which results from the

martensite to austenite transformation. Further study was conducted to confirm the presence of the shape

memory e�ect induced internal strain, see section 2.4.2.

In order to assess the mechanical properties of the Al/NiTi composite, two additional reference ma-

terials were manufactured. The first one was subject to the same FSP and cold rolling processes without

NiTi particles. It is referred to as FSPed Al. Note that the mechanical properties of the Al base material

are not relevant in the present work, since FSP would significantly change the microstructure of the Al

matrix via dynamic recrystallization [31]. The second one contained NiTi particles but the cold rolling

was conducted with austenitic NiTi, i.e., suppressing the prior cooling as well as the following heating

steps. Therefore, it does not present the shape memory e�ect and thus has no local internal stresses

generated by the shape recovery of the NiTi particles. This material is named Al/NiTi-A composite. The

manufacturing steps of the Al/NiTi composite and the two reference materials are summarized in Table 2.

It is worth mentioning that the Al/NiTi-A should also contain internal stresses that are generated during

cooling from FSP passes. This thermal stress field is anyhow also present in the Al/NiTi composite and

thus will not be studied here. The present work exclusively focuses on the shape memory e�ect induced

internal stresses.

2.4. Characterization

2.4.1. Microstructural characterization

The overview of the NiTi particle integration was addressed using a ZEISS FEGSEM Ultra 55 Scan-

ning Electron Microscope (SEM). The spatial distribution of the NiTi particles was investigated with

high resolution microfocus X-ray Computed Tomography (HR-microCT), using a Phoenix Nanotom S

180 kV µCT system from General Electric. Two sets of sample dimensions were addressed, both ex-

tracted in the FSP stir zone: 3�3�3 mm and 1�1�1 mm, resulting in voxel sizes of 2 µm and 0.8 µm,

respectively. The larger sample was used to characterize the size distribution of the embedded NiTi

particles, while the smaller sample was used to investigate the potential fragmentation of NiTi parti-

cles during FSP. The analysis of the HR-microCT datasets was performed in Avizo 9.5 (ThermoFisher

Scientific). First, the particles were separated from the matrix by means of a contrast threshold func-

tion, which returned a binary version of the original gray-scale image. Voxels with gray-values below

the chosen threshold were labeled as the matrix, while those above were labeled as the NiTi particles

in the segmented image. Next, the overlapping NiTi particles in the binary images were separated by

combining watershed, distance transform and numerical reconstruction algorithms. The particle objects

consisting of only 3 voxels or less were filtered out in order to exclude noise and to avoid partial-volume

e�ects, which, if not properly accounted for, can lead to erroneous determinations of feature dimensions

and phase volume fractions. Finally, each NiTi particle was given a unique ID and the particle properties,
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such as the particle equivalent diameter, the particle volume, the surface area, etc., were calculated. The

interface between the NiTi particle and the Al matrix was analyzed with a FEI Tecnai G2 F20 Trans-

mission Electron Microscope (TEM). The TEM samples were prepared using a dual-beam focused ion

beam (FIB) instrument (FEI Helios Nanolab 650) across the interface. The sample size was about 5

µm � 3.5 µm � 100 nm. The microstructure observation below M f was conducted with a Gatan 636

double-tilt cooling holder at -20 �C.

2.4.2. Shape memory e�ect induced internal strain

In order to confirm the presence of local internal stresses and to assess the strain field induced by

the shape memory e�ect of the NiTi particles, Digital Image Correlation (DIC) was performed, using

the matlab toolbox NCorr [37]. The surface morphology induced by chemical etching served as micro-

scale speckle patterns for the image correlation. The DIC sample was extracted from the cold rolled

composite, which was then mechanically polished to obtain a smooth surface. Finally a 30 minutes of

OPS (colloidal silica) finishing was applied to induce a slight etching e�ect. A reference image was taken

before heat treatment, using an Olympus opto-digital microscope. Subsequently, a deformed image was

taken at the same position after heating the sample at 80 �C for 15 minutes. In order to validate the DIC

measurement and evaluate the corresponding internal stress field, a finite element simulation mimicking

the shape recovery of the NiTi particle in the Al matrix was conducted, as will be described in section 3.2.

2.4.3. Mechanical tests

A nano-indentation test, using a nano-indenter Agilent G200, was performed to investigate the pos-

sible matrix strengthening mechanism in the Al/NiTi composite. During the test, the hardness of the Al

matrix in both the composite and the FSPed Al was measured. The indentation depth was set to 500 nm

to avoid interactions with the NiTi particles. This relatively low depth would induce high hardness due

to the size e�ect [38]. However, the nano-indentation was employed only for comparing the strength

of the Al matrix between the Al/NiTi composite and the FSPed Al. The hardness was calculated from

the recorded force versus indentation depth following the method of Oliver and Pharr [39]. The fit was

carried out at the indentation depth range between 450 and 500 nm to minimize the size e�ect. Nine

indentations were performed to assess the average hardness.

Uni-axial tensile tests and single edge pre-cracked tensile tests were performed to assess the me-

chanical strength and the crack propagation behavior, respectively. The geometry and dimension of the

samples are shown in Supplementary Fig. 3. The pre-cracks were introduced with a razor blade. The tests

were conducted in-situ inside the SEM using a micro-tensile machine (Gatan microtest tensile stage) to

monitor the crack propagation process. The loading rate was 0.1 mm/min.

Compact tension tests were also performed to compare the fracture toughness of the Al/NiTi com-
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posite with the two reference materials (Table 2). Two tests were performed for each material. The

compact tension geometry is provided in Supplementary Fig. 4. The load was applied using a Zwick

tensile (Zwick Z250) machine with a load rate of 0.2 mm/min. A clip-on gage (MTS model 632.02F-20)

was used to measure the crack mouth opening distance. The e�ective crack length was determined by

the unloading compliance method. The stress intensity factor under plane stress condition was evaluated

according to the ASTM E561 standard, which is dedicated to thin compact tension specimens.

3. Results

3.1. Microstructure

A typical cross-section of the friction stir processed zone is shown in Fig. 3a. The distance between

the two red dashed lines corresponds to the FSP tool pin size (6 mm). It can be noticed that the NiTi

particles have been dispersed in a larger region than the pin stirring zone, due to the high material flow

and the tool shoulder stirring e�ect. A uniform particle distribution is obtained after 4 passes, which

can be observed in the 3D HR-microCT images, see Figs. 3b and c corresponding to voxel sizes of

2 µm and 0.8 µm, respectively. The volume fraction of NiTi reinforcements is about 6.7% according to

the measurements with a voxel size of 2 µm.

When comparing the size distribution (volume-weighted) between the as-received NiTi powder (us-

ing laser granulometry with 0.375 µm as detection limit) and the embedded NiTi particles (2 µm HR-

microCT data), as presented in Fig. 3d, it is found that the two distribution profiles match reasonably

well. The average size is maintained after 4 passes of FSP (76 µm for embedded NiTi vs. 79 µm for

as-received NiTi). Meanwhile, one can notice more particles smaller than 40 µm and less particles larger

than 100 µm in the composite compared to the as-received powder. This could imply that some of the

big reinforcements are fragmented under the thermomechanical e�ects of FSP. The 0.8 µm voxel size

HR-microCT scan allowed analyzing the size distribution for particles smaller than 40 µm. The latter is

illustrated in both number-weighted and cumulative volume-weighted ways, as presented in Fig. 3e. It

is found that the smallest particle that has been identified has an equivalent diameter of 2.2 µm, which

is close to the detection limit (1.4 µm) of the 0.8 µm CT scan, considering a threshold of 3 voxels

volume. The small NiTi particles are numerous, their volume occupation is, however, very low, as re-

flected by the comparison of the two distribution profiles in Fig. 3e. It is worth mentioning that no NiTi

particles smaller than 1.5 µm in diameter have been identified by SEM analysis. This means that the

0.8 µm HR-microCT scan can be considered appropriate for assessing the volume-weighted particle size

distribution.

According to SEM observations at large magnification (�10K), uniformly distributed Fe-rich inter-

metallic particles, which are typical impurities in aluminium alloys [40], are present both in the Al matrix
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of the FSPed Al and in the vicinity of NiTi particles in the Al/NiTi composite (Figs. 3f and g, respec-

tively). SEM-EDX (Energy dispersive X-ray) analysis also confirms their composition as Fe-rich (insert

of Fig. 3f). Most of the Fe-rich particles have sub-micron sizes, due to the strong stirring of FSP [41].

The average spacing between the Fe-rich particles is around 0.8 µm in both the FSPed Al and the Al/NiTi

composite, according to a 2D nearest neighbor distance analysis, based on the particle centroids that were

observed with SEM. A 3D distribution analysis would require a sub-micron resolution (100 nm achieved

by Synchrotron radiations [41]), but this Fe-rich particle distribution is not critical in the present work,

and is thus not further assessed.

FSP also causes the grain size reduction in the aluminium matrix. As can be noticed in Fig. 3g

and 4b, the grain size is typically around 1 µm after 4 passes of FSP in both the FSPed Al and Al/NiTi

composite, note that the average grain size of the as-received Al was 80 µm. The presence of the NiTi

particles does not allow further refining the grains of the Al matrix since a large size of second phase

particles has a negligible Zener pinning e�ect [42], note that the NiTi particles (76 µm) are much larger

than the Al grains (1 µm) in the composite.

The TEM analysis at the Al/NiTi interface is presented in Fig. 4. Fig. 4a shows a low magnification

bright field TEM (BF-TEM) image of the cross-sectional FIB thin foil prepared on a single Al/NiTi

interface, preselected inside the FIB/SEM dual beam instrument. The BF-TEM image of Fig. 4b shows

the presence of sub-grain boundaries within the Al grains. Moreover, a Fe-rich particle can be observed

in the Al matrix, as confirmed by TEM-EDX. The morphology and size of the Fe-rich particle correspond

well to SEM observations presented in Figs. 3f and g. Regarding the Al/NiTi interface, an intermetallic

(IM) layer is observed in the BF-TEM image (Fig. 4c). According to the TEM-EDX analysis (Table

3) as well as the nano beam di�raction (inset of Fig. 4c), the intermetallic has been identified as Al3Ti

(tetragonal structure). The mean thickness of the IM layer is about 50 nm, which is much smaller than

that obtained in powder metallurgy manufactured Al/NiTi composites (larger than 1 µm) [9]. The IM

layer is formed mainly by the di�usion from the Al matrix to the NiTi particle, which might explain

why the interface between the NiTi particle and intermetallic layer is smoother. High resolution TEM

observation of the interface between the IM layer and the Al matrix shows a good interface bonding

(Fig. 4d). The interface bonding is of paramount importance in the present study, since it ensures the

load transfer that is required for the shape memory induced internal strain in the Al matrix. In addition,

a good bonding is expected to relieve the ductility reduction due to the presence of hard reinforcements.

The di�usion of Ni and Ti from the NiTi particles into the Al matrix is investigated using TEM-EDX

analysis. The analyzed area is represented by the red dashed box in Fig. 4a and the chemical composition

is presented in Table 3. It is found that the analyzed region contains 0.81 at.% Ni and 0.30 at.% Ti, which

is much higher than the theoretical solid solubility of Ni and Ti in Al matrix. The presence of Ni and
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Ti is further confirmed by the TEM-EDX spectrum, as shown in Fig. 4e. The relatively high content of

dissolved Ni and Ti can be explained by the fact that the high dislocation density in the Al matrix next to

the NiTi particle reduces the chemical potential and increases the solid solubility. This e�ect has already

been documented in literature [43, 44].

3.2. Shape memory e�ect

The internal strain field in relation to the shape recovery of the NiTi particles is assessed by DIC.

Fig. 5 shows the two images used for DIC computation as well as the obtained strain maps. When

comparing the surface morphologies of the Al matrix before and after heat treatment, some deformation

bands in the vicinity of the NiTi particle can be observed after triggering the shape memory e�ect (arrows

in Fig. 5b). These deformation bands are more clearly translated into an internal strain field by the DIC

analysis. Figs. 5c and d display the strain fields in the cold rolling direction (RD) and the normal direction

(ND), respectively. In the RD, tension is dominant at the left and right sides of the NiTi, accompanied

by compression at the top and bottom as counterpart. In the ND, compression dominates at the top and

bottom sides of the NiTi, while tension in other places accommodates equilibrium. The obtained strain

field is in good agreement with the expected response of the shape memory e�ect, knowing that the cold

rolling flattens the NiTi particles in the normal direction while elongates them in the rolling direction. It

is worth mentioning that the observed deformation bands and the corresponding internal strain are not

generated by the heat treatment, considering the relatively low temperature (80�C) used in the treatment.

The DIC measurements only allow studying the internal strain field around the reinforcement. In

order to assess the corresponding internal stress field, shape recovery of NiTi particle was mimicked with

finite element modeling (FEM). A spherical NiTi particle embedded inside an Al matrix was modeled

with the commercial finite element software Abaqus 2016 [45]. Isotropy is assumed in the modeling. The

NiTi particle with a diameter of 100 µm has following elastic properties assigned: E = 80 GPa, Poisson’s

ratio = 0.4. The Young’s modulus is taken as the average of two values reported for austenitic NiTi

polycrystal presenting random grain orientation distribution, i.e. 82 GPa in [23] and 78.6 GPa in [46].

The Al matrix has a cubic shape of 1x1x1 mm (Fig. 6a) and following mechanical properties assigned:

E = 69 GPa, Poisson’s ratio = 0.33, yield strength �y = 112 MPa, strain hardening � = 132"0:02
p . The

plastic strain hardening behavior was obtained from a fit of a uni-axial tensile test on the FSPed Al (see

Supplementary Fig. 5). The whole model was meshed with 3D elements C3D8R. The far Al matrix

involves an element size of 50 µm while the particle is meshed with an element size of 5 µm (Fig. 6a).

The two mesh sizes are accommodated by a transition zone in the vicinity of the particle. The shape

recovery of the NiTi particle is realized by imposing an initial stress inside the particle and releasing this

stress in a static calculation step. A compression stress of -400 MPa and a tensile stress of 800 MPa are

applied in the particle along the compression direction (ND) and the rolling direction (RD), respectively.
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Thus, the particle expands in the compression direction while it retracts in the rolling direction during the

establishment of a new equilibrium between the particle and the matrix, mimicking the shape recovery of

the NiTi reinforcement. The initial stress level is set to match the order of magnitude of the strain as well

as strain field shape, as measured by DIC. It sounds reasonable that the applied initial tensile stress is

higher than the compression one, because the shape memory performance of the NiTi is better in tension

than in compression, as reported in literature [47].

The simulation results are shown in Figs. 6b-f. In order to be comparable with the DIC measurement,

where the correlation does not involve the edge of the NiTi particle, the elements (size of 5 µm) con-

taining the NiTi edge in the model are not displayed in the results. A direct comparison of strain values

in both the RD and the ND between the DIC measurement and the FEM result is presented in Fig. 6b.

The values are extracted along cross lines that coincide with the major and minor axes of the NiTi par-

ticle. The distance to the particle edge is normalized with the particle size. It can be noticed that the

FEM reproduces reasonably well the shape recovery induced local strain that is measured by DIC. The

discrepancy is likely related to the fact that the NiTi particle, despite general spherical shape, involves

local shape irregularity, for instance the right side close to the particle has a sharp edge while the left side

is more flat (see Fig. 5). Regarding the strain field, the arrangement of tension and compression in the

FEM result is in good agreement with that visualized by the DIC measurements (see Figs. 5c and 5d). In

terms of stress field, tension is located on the left and right sides of the NiTi particle in the RD direction,

while compression is found on the top and bottom of the particle in the ND direction. The largest stress

components (155 MPa in the RD and -143 MPa in the ND) are much higher than the yield strength of

the Al matrix (112 MPa). It is thus expected that damage first occurs at the left and right sides of the

particles in the RD when subject to an external load. This will be discussed in section 3.5

3.3. Mechanical strength and ductility

The nanoindentation hardness of the Al matrix in both the Al/NiTi composite and the FSPed Al is

given in Table 4. Indents in the Al/NiTi composite are su�ciently far from the NiTi particles so that

the nanoindentation hardness of the Al matrix is not a�ected by the presence of the NiTi particles (see

Supplementary Fig. 6). There is almost no strengthening in the Al matrix of Al/NiTi compared to the

FSPed Al. However, according to the uni-axial tensile tests, as shown in Fig. 7 and Table 4, the Al/NiTi

composite presents a 24 MPa increase in strength compared to the FSPed Al. This implies that the

strengthening of Al/NiTi is related to the NiTi particles rather than the Al matrix. Both materials present

a limited strain hardening capacity due to cold rolling. The yield strength and the ultimate tensile strength

are thus almost identical. Note that the tensile curve of the Al/NiTi-A composite is not reported since

the local internal stresses do not contribute to strengthening, as previously reported in literature [25].

Additional tensile tests on samples just after FSP (without either cold rolling or heat treatment at 80 �C)
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also show that the presence of NiTi particles increases the ultimate tensile strength by 23 MPa (from

60 MPa to 93 MPa), i.e., identical to the strength increase after cold rolling and heat treatment at 80 �C

(Table 4). This indicates that the strengthening in the Al/NiTi composite is not modified by cold rolling.

The higher strength in the Al/NiTi is accompanied by a lower ductility. The fracture strain is esti-

mated from the sample section area before (A0) and after (A f ) fracture, using Eq. 1. The larger scattering

of the tensile properties in the Al/NiTi compared to the FSPed Al is attributed to slight variation in the

volume fractions of reinforcement particles. A slightly larger NiTi content results in a higher mechan-

ical strength but a lower ductility. It is observed that the FSPed Al involves a cup-cup feature, while

the Al/NiTi a slant fracture surface, see Figs. 7b and c, respectively. The slant fracture surface can be

attributed to the local shear damage around the NiTi particle, as indicated by the arrows in Fig. 7d. It

should be noted that the shear damage takes place in the Al matrix (SEM-EDX mapping in the inset of

Fig. 7d), close to the NiTi particle, rather than at the Al/NiTi interface. The local damages most likely

initiate from the Fe-rich particles in the matrix. This is confirmed by the sheared dimples observed on

the fracture surface, see Fig. 7e. Moreover, in the dimple-less region in Fig. 7e, a transgranular shearing

of the Al grains can be noticed; the revealed grain size corresponds well to the grain size revealed by the

TEM image (Figs. 4a and 4b).

" f = ln(
A0

A f
) (1)

3.4. Crack path

The crack path is investigated with pre-cracked tension tests (see Supplementary Fig. 3b). The

overviews of the pre-cracked samples prior to loading are shown in Figs. 8a-c for the FSPed Al, the

Al/NiTi-A and Al/NiTi composites, respectively. Note that there were no fracture properties extracted

from the pre-cracked sample state, meaning that the di�erence in pre-crack size is not taken into account

here. The final fracture paths are presented in Figs. 8d-f, revealing a straight crack propagation in the

FSPed Al while cracks deviate in the Al/NiTi-A and Al/NiTi composites.

Given that the sample thickness is relatively small (1.5 mm) and that plane stress condition is pre-

vailing, the fracture path at the mid-thickness level, where the stress triaxiality is the highest [29, 30],

should be more representative of the fracture process. Therefore, the fractured samples are polished to

mid-thickness, and the fracture paths are visualized at that level in Fig. 9. It can be seen at this stage that

the crack deviations at mid-thickness level in both the Al/NiTi-A and the Al/NiTi are more pronounced

than those observed on the sample surface, while the crack path remains relatively straight in the FSPed

Al. The crack deviation will be quantified later in Fig. 13. Moreover, the crack deviation in the Al/NiTi

is related to the NiTi particles, and local crack branching can be noticed, as shown in Fig. 9c.

In order to assess the local fracture behavior during crack propagation, the fracture surfaces of the
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FSPed Al and the Al/NiTi are studied with SEM and presented in Fig. 10. The fracture surface mor-

phology of Al/NiTi-A is similar to that of Al/NiTi, and is provided in Supplementary Fig. 7. The dashed

rectangles in Figs. 10a and d represent the initial sample thickness. The thickness reduction in the FSPed

Al is much larger than that in the Al/NiTi composite. It means that during the crack propagation in the

FSPed Al, the crack tip necking dissipates a significant amount of energy in the fracture process zone

(FPZ), in contrast to the Al/NiTi composite. When focusing locally on the fracture surface of the FSPed

Al, one can observe aligned dimples in the middle of the fracture surface. The dimples are traces of

local voids that nucleated on the Fe-rich particles, which can eventually be noticed inside the dimples,

see Fig. 10b. The dimple size and spacing are both around 1 µm (Fig. 10c). The fact that the dimples

are confined in the middle of the fracture surface indicates that the crack propagates much faster inside

the sample than on the sample surface. Regarding the local fracture behavior in the Al/NiTi composite,

two populations of dimples can be observed. The larger dimples are related to the NiTi particles. At

high magnification, one can observe a coverage of Al on the NiTi particle. The Al coverage has been

confirmed by SEM-EDX mapping, as shown in Fig. 10e. The second population of dimples are related

to fracturing or decohesion of Fe-rich particles [30, 48]. They are present not only in the interparticle

matrix, but also on the NiTi surface, see Fig. 10f. These small dimples have very similar size and spac-

ing compared to those observed on the fracture surface of FSPed Al (Fig. 10c). Their presence indicates

that the crack propagation in the Al/NiTi is accommodated by void nucleation on Fe-rich particles at

the vicinity of the NiTi particles, rather than interface decohesion between the Al matrix and the NiTi

reinforcements.

3.5. Crack deviation mechanism with and without internal stresses

It has been shown that crack deviation emerges in the presence of NiTi particles, and it is more

pronounced when local internal stresses introduced by the shape memory e�ect of NiTi are present (see

Fig. 9). In order to understand the crack deviation mechanism, interrupted tensile tests have been carried

out on both the Al/NiTi-A and the Al/NiTi composites. In-situ tensile tests are terminated after a given

length of crack propagation and the samples are totally unloaded. The samples are then polished to

mid-thickness level in order to assess the damage ahead of the crack tip. The crack in the Al/NiTi-A

composite is presented in Fig. 11a. It can be seen that the main crack tip was deviating to bypass a

NiTi particle upon unloading. No damage can be observed in the vicinity of the NiTi particles directly

ahead of the main crack tip. However, regarding the Al/NiTi composite (Fig. 11b), local voids related

to NiTi particles are observed ahead of the main crack tip. The largest void, which is also closest to the

main crack tip, appears to be coalescing with the main crack tip upon termination of the test, while those

further away from the crack tip are still in their growth stage.

Based on the aforementioned observations, the e�ects of NiTi particles as well as local internal
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stresses on the crack propagation are proposed and illustrated in Figs. 11c and d. In the case of Al/NiTi-

A (Fig. 11c), the crack propagates straight ahead in the Al matrix if no reinforcement particles are

located right on or su�ciently close to the crack propagation path. The crack will bypass any NiTi

particle located ahead of the crack tip. The bypass is operated by local damage nucleation and growth

alongside of the NiTi particle and subsequently by the merging between the local damage and the main

crack. This crack growth scenario has also been shown in microstructure-based simulation of fracture

in Al/SiC composites, with and without particle fracture [12, 49]. In addition, the simulation showed

that very slight crack deviation could be achieved by the bypass mechanism, which corresponds well

to our experimental observation (Fig. 9b). In the case of Al/NiTi composite (containing local internal

stresses from shape memory e�ect), micro-voids are first generated on Fe-rich intermetallics near the

NiTi particles, since they are subject to a combined stress field incorporating concentrated stress at the

main crack tip as well as the initial local tensile stress (generated by the shape memory e�ect of the NiTi

particles). These micro-voids then grow and coalesce to larger local damages at the vicinity of the NiTi

particles. The local damages finally coalesce with the main crack and control the crack propagation.

Since the NiTi particles are randomly distributed in the Al matrix, the crack will deviate to reach the

local damages.

3.6. Fracture toughness

Due to the thickness limitation, plane strain fracture toughness cannot be assessed in the present

study. However, KR measurements (ASTM E561 standard) can be performed with relatively thin compact

tension samples, which o�er a comparison of plane stress fracture toughness between the Al/NiTi and the

two reference materials, i.e., the FSPed Al and the Al/NiTi-A. As the crack propagation on the sample

surface is not fully representative of the real fracture process, the unloading compliance method has been

applied to determine the physical crack length.

The loading curves and the KR curves are presented in Figs. 12a and b, respectively. The Al/NiTi

and the Al/NiTi-A present very close global strength, which is higher than that of the FSPed Al sample.

The KR values are plotted in function of the crack growth length which is obtained via the compliance

of the sample at each unloading. It is worth mentioning that the calculated initial crack length is in good

agreement with the measurement prior to loading, partly validating the quality of the measurement. The

Al/NiTi composite presents the highest plane stress toughness (20.3�0.4 MPa.m1=2), and the FSPed Al

the lowest (18.4�0.1 MPa.m1=2). The Al/NiTi-A yields an intermediate plane stress toughness (19.2�0.4

MPa.m1=2). The aforementioned values are obtained with two tests for each material. Interestingly, after

the crack mouth opening distance reaches the limit stroke of the clip-on gage (5 mm) for all the three

materials, the crack growth in the FSPed Al is the smallest, although its fracture toughness is lowest. This

can be explained by the fact that the crack tip necking in FSPed Al dissipates a large amount of energy
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in the fracture process zone and can thus accommodate a large crack mouth opening, while slowing

down the crack propagation inside the neck. In this sense, the di�erence in the real fracture dissipation

between the FSPed Al and the two composites should be even larger. The crack deviation is supposed

to be responsible for the higher toughness of Al/NiTi over Al/NiTi-A, albeit the mechanical strength is

almost identical in both materials.

4. Discussion

4.1. Internal stresses in Al/NiTi composite

The concept of reinforcing metal matrices using shape memory alloys dated from the early 90s,

initially investigated by numerical approaches [23, 24]. First experimental practices can be found in

[50, 26], where powder metallurgy was used to manufacture composites. More recently, FSP was applied

to embed shape memory particles in the aluminium matrix, and it was shown that FSP could improve

the composite quality via a more uniform distribution of reinforcements and a cleaner interface between

reinforcement and matrix [25, 28]. Among the former investigations, little e�orts were made to highlight

the internal stresses; only average stresses were evaluated by X-ray di�raction method [25]. However,

it should be noted that the local internal stress field is the most distinguishable feature of shape memory

alloy reinforced composites, it is therefore necessary to confirm its existence.

In the present work, the internal strain produced by the shape memory e�ect has been locally assessed

via DIC and the corresponding internal stress field has been estimated by finite element simulations. DIC

is suitable for the local strain field measurement in the Al/NiTi composite since the reference (FSP+cold

rolling) and current (FSP+cold rolling+heat treatment) material states can be compared at the same local

position. This is di�erent from other approaches like X-ray di�raction or neutron di�raction which

require a completely stress free material to obtain the reference, and most importantly cannot allow

assessing the strain field at the fine scale (smaller than 100 µm) of the NiTi particle.

4.2. Strengthening mechanisms in Al/NiTi composite

The potential contributions to strengthening in the Al/NiTi composite are presented below:

�� = ��Orowan + ��Hall�Petch + ���CT E + ��IS + ��load (2)

��Orowan denotes the Orowan strengthening [51], ��Hall�Petch stands for the grain boundary strength-

ening, ���CT E is attributed to increase in dislocation density resulting from thermal expansion mismatch

in the composite, �IS accounts for the e�ect of internal stresses induced by the shape memory perfor-

mance of NiTi. The last term, ��load represents the load bearing e�ect.
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It should be noted that ��Orowan can be neglected in the present study since the NiTi reinforcements

are much larger than the critical size for which the Orowan mechanism intervenes (generally smaller

than 1 µm [52]). With regard to the Hall-Petch mechanism, the nanoindentation measurements (with

an indent size about 3 times the grain size) show a very similar nanoindentation hardness in the FSPed

Al and the inter-particle matrix in the Al/NiTi composite. This indicates the absence of strengthening

resulting from grain refinement. Indeed, it has already been shown that the grain size in both the FSPed

Al and the Al matrix of the composite is around 1 µm, see Fig. 3g and Fig. 4b. ��IS is expected to be

a negligible contribution because of the co-existence of internal tension and compression around each

NiTi particle (Fig. 5). This has been unraveled in [25].

The load bearing e�ect can be evaluated using the shear lag model proposed in [53]:

��load = 0:5 fb�0s (3)

here, fb represents the volume fraction of the reinforcements, �0 is the strength of the matrix, and

s denotes the aspect ratio, which can be considered as 1 in the present work. The shear lag theory is

originally used to analyze the yield strength, here it is applied to calculate the ultimate tensile strength

since the two strengths are very close due to the extremely low strain hardening capacity, as discussed in

section 3.3. Taking the tensile properties from Table 4 into account, one can notice that the load bearing

would lead to a strengthening of 4 MPa, which is relatively low compared to the strength increase in

the composite. It is worth mentioning that the shear lag model may not be fully valid for particulate

reinforcements, but its application in the present work allows estimating the contribution from the load

bearing e�ect which is, however, low and negligible (4 MPa). A 2D finite element simulation incorpo-

rating 7% of NiTi particles (diameter randomly varying from 40 to 100 µm) in the Al matrix (using the

material properties described in section 3.2) reveals a strengthening of only 1 MPa, confirming again the

very low load bearing contribution of particulate reinforcements.

In this sense, the strengthening is expected to be mainly attributed to the thermal induced dislocation

loops around NiTi particles. The contribution ���CT E can be assessed by [54]:

���CT E =
p

3�Gmb

s
12 fp�C:�T

bdp
(4)

where Gm is the shear modulus of the matrix, b is the Burgers vector, fb is the volume fraction of

reinforcements as aforementioned, �C is the di�erence between the coe�cient of thermal expansion of

the matrix and the reinforcement, �T is the di�erence of the temperature reached in FSP and the room

temperature, dp is the equivalent diameter of the reinforcement, � is the product of the Taylor factor [55]

and the strain-hardening constant taken as 0.5 [54]. Since the particle size in the Al/NiTi composite

involves a large range, from 2.2 µm to 150 µm, ���CT E is first calculated for each sub-group of NiTi
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particles with a size bin of 5 µm and then combined to yield the global strengthening [56], using

���CT E =

q
(��2:2�7:2µm

�CT E )2 + ��
7:2�12:2µm
�CT E )2 + :::��

147:2�150µm
�CT E )2 (5)

Considering a global volume fraction of 6.7% and the temperature reached in FSP as 90% of the

melting point of the Al matrix, the obtained value is 10 MPa.

The total estimated strength increase is found to be lower than the experimentally obtained one.

Therefore, the above analysis does not allow a full identification of the strengthening mechanisms in

Al/NiTi composites. In fact, the solid solutions of Ni and Ti in the Al matrix (Fig. 4a and Table 3) can

also play a role in the increase in mechanical strength. The contribution from these two solid solutions

may not be well captured by the theoretical assessment, since they are distributed locally (around NiTi

particles) and moreover associated with thermal mismatch induced dislocations. In this respect, the solute

atoms of Ni and Ti strengthen the e�ect of thermal expansion mismatch via the fact that the solute atoms

hinder the slip of the generated dislocations. We propose that the solid solution is partly responsible

for the gap between the analytical and experimental mechanical strengths in the Al/NiTi composite.

Certainly, the real strengthening mechanisms are complex and hard to be fully and accurately assessed

by the simple analytical models employed in the present work.

4.3. Correlation between toughness and crack deviation

It has been shown that the Al/NiTi presents larger crack deviation and slightly higher fracture tough-

ness than the Al/NiTi-A as well as the FSPed Al. In order to quantify the crack deviation and its relation

to fracture toughness, a correlation function [21] is used to characterize the fracture surface roughness in

the crack propagation direction. The correlation function �h(�x), is defined as:

�h(�x) =
p
< [h(x + �x) � h(x)]2 >x (6)

Here, <>x stands for the average value over x, the crack propagation direction. �x is a selected

distance with which the typical di�erence of height along the crack path is calculated. The correlation

function generally involves a power law with �x

�h(�x) / �x� (7)

where � is the Hurst exponent. The measure of fracture surface roughness is the saturation value of

the correlation function, �hs in a log-log plot of �h vs. �x. The surface roughness is quantified with two

samples of each type at mid-thickness. The values are then correlated with the fracture toughness from

the compact tension tests, see Fig. 13. It is found that larger fracture surface roughness corresponds to

higher fracture toughness, which is coherent with prior numerical investigations [21].
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According to the correlation function assessment, the surface roughness is the largest for the Al/NiTi,

followed by the Al/NiTi-A and the FSPed Al. In this respect, it can be concluded that the presence

of NiTi particles provides a primary source of crack deviation. When the reinforcements are located

on the crack propagation path, the crack will bypass these particles, resulting in a slightly deviating

trajectory (see Fig. 11c). The crack deviation e�ect of the reinforcement particles is, however, limited.

Particles shifted from the fracture ligament have a limited ability to attract and deviate the crack tip,

in the case of good interface bonding. With regard to the Al/NiTi which incorporates internal stresses

around the reinforcements, ”premature” damages occur at the vicinity of the embedded particles which

can be located out of range of the expected crack path. These damages then grow, releasing the stress at

the crack tip, and finally coalesce with the main crack tip, fostering a larger crack deviation (Fig. 11d)

compared to the Al/NiTi-A. Nevertheless, it should be noted that even in the Al/NiTi composite, the first

local damages arise from Fe-rich intermetallics, leading to ductile damage development. This should

be di�erentiated from the case where a brittle or defective interface leads to large and uncontrollable

damages, which is expected to have a negative impact on the fracture toughness. It is very important that

the interface Al/NiTi is su�ciently bonded, as seems to be the case for the Al/NiTi composites in this

study (Fig. 4d), thanks to the large plastic strain and limited heating of the FSP process.

5. Conclusions

An Al/NiTi composite that incorporates local internal stresses has been developed and characterized

in both its microstructural and mechanical aspects. Special attention has been paid to the crack deviation

assessment and the correlation between fracture toughness and fracture surface roughness. The following

conclusions can be drawn:

1. A uniform distribution of NiTi particles is obtained in the composite manufactured by Friction Stir

Processing (FSP). The 4-pass FSP leads to limited fragmentation of the embedded reinforcements. TEM

observations show that interfacial product is limited to a very thin layer and good bonding is obtained.

2. Local internal stresses are produced using the shape memory e�ect of the NiTi particles, which

has been evidenced through local strain by a DIC analysis and quantified by a finite element simulation.

The obtained internal stress/strain field is in good agreement with the expected one generated from the

shape recovery of the NiTi reinforcements.

3. The integration of relatively large NiTi particles (76 µm) via FSP leads to a 22% increase in ulti-

mate tensile strength. The strengthening is mainly attributed to thermal mismatch induced dislocations,

load bearing and solid solution of Ni and Ti in the Al matrix.

4. Crack deviation has been enhanced and correlated to a slight increase in fracture toughness in the

Al/NiTi composite containing local stresses compared to the reference stress free Al/NiTi-A composite
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and the FSPed Al. The deviation is driven by local internal stress controlled void nucleation, growth and

coalescence.
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Figure 1: Design of Al/NiTi composites presenting local internal stresses. The tension (in red) and compression (in blue) fields

related to the shape recovery of NiTi are drawn in the pre-straining direction (see the blue arrow in the detwinned martensite

step).
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Figure 3: Distribution of NiTi particles and Fe-rich intermetallics. Overview SEM image of the friction stir processed zone (a),

3D view of NiTi particle distribution in the center of the stir zone using voxel size of 2 µm (b) and 0.8 µm (c), respectively,

size distribution of both as-received powder and embedded NiTi particles (2 µm voxel size) (d), size distribution in composite

for particles smaller than 40 µm (0.8 µm voxel size) (e), Fe-rich particles near the Al/NiTi interface with Fe map obtained by

Energy Dispersive X-ray (EDX) analysis (f), Fe-rich particles in the friction stir processed zone in FSPed Al (g). The two red

dashed lines in (a) identify the stir zone of FSP, the colors in (b) and (c) help to distinguish di�erent particles.
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Figure 4: TEM characterization on the Al/NiTi interface. BF-TEM low magnification image of the FIB foil prepared on the

interface (a), BF-TEM image showing one Al grain with sub-grain boundaries as well as Fe-rich particle in the Al matrix (b),

BF-TEM image showing the intermetallic phase (see Table 3) at the Al/NiTi interface (c), high-resolution TEM revealing the

atomic bonding between intermetallic and the Al matrix (d), TEM-EDX spectrum corresponding to the red box area in (a) (e).

The image in (b) corresponds to the area in yellow dashed box in (a), TEM-EDX analyses in Table 3 are carried out in the red

dashed box in (a) as well as the intermetallic layer in (c). The inset di�ration pattern in (c) is obtained from the region indicated

by the red cross.
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Figure 7: Tensile curve and fracture characteristics in uni-axial tensile tests. Loading curves for both Al/NiTi composite and

FSPed Al (a), cross-sections revealing the fracture surface orientation for FSPed Al (b) and Al/NiTi composite (c), local damage

around the NiTi particle near the fracture surface (d), and shear dimples on the fracture surface of Al/NiTi composite (e). The
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sheared grains on the fracture surface.

27



 

500 µm 

(f) 

500 µm 

(a) 

500 µm 

(c) 

500 µm 

(d) 

500 µm 

500 µm 

(b) 

(e) 

Figure 8: In-situ SEM pre-cracked tension tests. Snapshots of the samples of FSPed Al, Al/NiTi-A and Al/NiTi before loading

(a)-(c), fracture paths after complete separation (d)-(f).
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Figure 9: Fracture paths at the mid-thickness level. Overviews of the fracture path for FSPed Al (a), Al/NiTi-A (b) and Al/NiTi

composite (c).
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Figure 10: Fracture surface analysis. Overview of the fracture surface morphology for FSPed Al (a) and corresponding local

dimple features (b) and (c), overview of the fracture surface morphology for Al/NiTi composite (d), SEM-EDX map showing

the presence of Al layer on NiTi particle (e), local dimples on the Al layer covering the NiTi particle (f). The dashed lines in

(a) and (d) represent the initial cross section of the sample.
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Figure 11: Elucidation of the crack deviation in composite material. Interrupted test with crack path observation on the mid-

thickness plane in Al/NiTi-A (a) and Al/NiTi (b), proposed crack deviation scenarios without (c) and with initial internal stresses

in the composites (d).
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Loading curves incorporating the unloading history (a), KR curves showing the plane stress fracture toughness (b).
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Table 1: Chemical composition of the used Al1050 (main elements).

Al Cu Fe Ga Mg Mn Si

wt.% 99.5 0.01 0.21 0.01 0.03 0.03 0.02

Table 2: Al/NiTi composite and two reference materials.

Designation FSP Cooling to -20�C Cold rolling 80�C HT

FSPed Al yes no yes no

Al/NiTi-A yes no yes no

Al/NiTi yes yes yes yes
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Table 3: Chemical composition of regions presented in Figs. 4a and c based on TEM EDX analysis.

Al (at. %) Ni (at. %) Ti (at. %)

IM 75.86 0.94 23.19

Red box 98.63 0.81 0.30

Table 4: Nanoindentation hardness and tensile properties of the FSPed Al and the Al/NiTi composite. The tensile properties

are obtained from 3 specimens for each material.

Al matrix hardness (GPa) UTS (MPa) " f

FSPed Al 0.76 � 0.04 115 � 2 2.56 � 0.02

Al/NiTi 0.77 � 0.04 139 � 14 1.76 � 0.15
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