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certainly contributed to their impact on 
society. Most forms of transport (cars, 
trains, ships, planes), civil constructions 
(houses, high rise buildings, bridges, 
power stations, railway stations, airports), 
domestic appliances (chairs, cupboards, 
bed frames, domestic equipment), com-
puters (cell phones, PC’s, and supercom-
puters) would not be possible in their 
current form without highly developed 
metallic materials.

Currently all metallic materials are 
developed along the so-called “damage 
prevention” paradigm,[1] i.e., their com-
position and microstructure are opti-
mized such that the initiation and propa-
gation of mechanical damage (in the 
form of internal damage such as pores 
or surface initiated cracks) leading to 
catastrophic failure of the product is post-

poned as much and as long as possible. Such a performance 
needs a careful tuning of the constituent atoms forming the 
matrix and its secondary phases, the grain size and the disloca-
tion structure in the “pristine” state. Of course, the word “pris-
tine” state is somewhat a misnomer as engineering metals gen-
erally have undergone multiple thermomechanical treatments 
once casted and are in a far-from-equilibrium state. Yet, in this 
context “pristine” metallic products are those in the shape and 
condition at the start of their life in an actual construction. All 
current metallic engineering materials have in common that 
once a local crack or defect is generated, either by the preceding 
plastic deformation or simply by mechanical overload of the 
material, this damage will remain forever and could be the ini-
tiator of the final catastrophic fracture event. In simple math-
ematical terms

t td(damage)/d 0 (for 0 product life time)≥ < <  (1)

Typical examples of such an accumulation of microscopic 
damage leading to macroscopic failure are (low and high cycle) 
fatigue as well as creep failure. Generally speaking metallic sys-
tems perform very well under such conditions due to the high 
bond strength between the metallic atoms as well as a stable 
dislocation network, which tend to keep the atoms more or less 
in place or at least in registry, even in case of severe loading or 
deformation.

The same positive attributes responsible for the excellent 
mechanical properties of metals are also the attributes for the 
modest success (in comparison to the field of self-healing poly-
mers,[2–4] self-healing composites,[5] self-healing concrete[6]) 
in developing self-healing metallic materials. For a mate-
rial to become self-healing local processes leading to “local 

In comparison to other materials, in metals and metallic systems self-healing 
of cracks and crack-initiating defects is difficult to achieve due to the fact 
the solute atoms that act as healing agents are relatively small and generally 
have a relatively low mobility at the prevailing operating temperatures. In this 
review, the scientifically most interesting and industrially most promising 
approaches to self-healing metals are presented and discussed. The various 
approaches are separated in autonomous healing methods based on an 
intrinsic (solid-state diffusion) mechanism and assisted healing methods that 
need an external intervention. Some promising routes are identified while 
in other cases the approach has too many intrinsic limitations. Recently, a 
number of computational studies using molecular dynamics and finite ele-
ment modeling have been performed to analyze the self-healing potential 
of metal systems as a function of the imposed conditions and to guide the 
further development of this family of self-healing materials.
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Self Healing Metals

1. Introduction

Metals are probably the most successful man-made engi-
neering materials currently available. Due to their strong multi-
directional metallic interatomic bonds, their crystalline nature, 
their complete or partial mutual solubility, their extremely wide 
range of micro- and nanostructures and the fact that 75% of the 
atoms in the periodic table are of a metallic nature, the range of 
mechanical properties that can be obtained is exceptional with 
moduli ranging from 30 to 450 GPa, tensile strength values 
ranging from 10 to 3000 MPa, failure strains ranging from 0.2 to  
5000%, operating temperatures ranging from −273 °C to 
over 2500 °C. While not directly relevant for their properties, 
the fact that metals intrinsically have an excellent recyclability 
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temporary mobility,” or more precisely “local temporary direc-
tional mobility,” should be organized. In this case the occur-
rence of local mechanical damage (i.e., the creation of a defect 
size with superatomic dimensions separated by free surfaces 
from its surrounding material) causes atoms to move toward 
the defect site and fill it, such that it is no longer present or 
cannot grow further under the prevailing conditions.

So, unlike conventional metals, self-healing metals should 
have a negative rate of damage formation at one or more stages 
of the product life time

t t t t td(damage)/d 0 for i i , healing( )< < < +∆  (2)

where ti is the time for the onset of the healing reaction.
For healing to take place noncollective atomic motion is 

required and atoms should move from their initial position 
to the damage site, and once arrived there should become 
immobile again. Due to the relatively high melting point of 
most metallic system the intrinsic low atomic mobility at 
room temperature of metallic atoms in their crystal lattices is 
a serious limitation. Two other major obstacles are present on 
the route toward self-healing metallic materials: i) the intrinsi-
cally small size of a single metallic atom and ii) the fact that 
the motion of a metallic atom generally leads to the motion in 
the opposite direction of a vacancy. In the case of self-healing 
polymers the repositioning of a single molecule, or even the 
motion of a molecular segment in between physical crosslinks, 
will have a much stronger volumetric effect than the motion 
of a single atom in a metal. The same applies to the volume 
generated by the molecular activity in bacterial concrete.[6] A 
general overview of the characteristics and requirements for 
various self-healing materials classes is given by Hager and 
co-workers.[7]

In this review paper, we will focus primarily on the devel-
opments of self-healing metallic materials that have a chance 
of becoming an industrial reality, as they can be made by 
bulk metallurgical and thermomechanical processes also 
used for existing non-self-healing equivalents. We will focus 
in particular on precipitation hardenable aluminum alloys 
and iron-based alloys being model alloys for future self-
healing creep-resistant steels. In these alloys, the self-healing 
behavior is to be realized by relatively minor adjustments in 
the alloy composition and the microstructural state at the start 
of their lifetime cycle. These alloys belong to the category 
of autonomous intrinsic self-healing systems as the healing 
will take place at the prevailing combination of temperature 
and stress state and the actual healing agent (the specific ele-
ment brought into solid solution) forms an integral part of the 
material itself.

This paper will also address the more academic demon-
strations of self-healing metals based on the inclusion of a 
low-melting point phase. This route belongs to the field of non-
autonomous extrinsic healing systems, as the healing requires 
a dedicated heat input (and dedicated subsequent cooling) and 
the actual healing agent can be physically separated from the 
matrix in which it is embedded. Furthermore, examples of 
self-healing metals that require other external stimuli such as 
electrical pulses, plastic deformations or elastic deformations 
due to shape memory effects, are included.

Niels van Dijk studied solid-
state physics at the Delft 
University of Technology 
and completed a PhD in 
experimental physics at the 
University of Amsterdam. 
He was a post-doc at the 
French Atomic Energy Agency 
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During this period, he per-
formed neutron scattering 
experiments at the Institute 

Laue-Langevin (ILL). He is currently appointed as associate 
professor at the Delft University of Technology to investi-
gate phase transitions in structural and magnetic materials 
with radiation techniques. His main fields of expertise are 
phase transitions, magnetic materials, structural materials, 
metallurgy, self-healing materials, neutron scattering, and 
synchrotron radiation.
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professorship at Tsinghua University, Beijing China.

It should be mentioned that the field of self-healing of cor-
rosion damage of metallic substrates by organic coatings[8,9] 
is kept outside the scope of this paper for a lack of concep-
tual congruency, as the healing does not involve the corroded 
metal, but the healing of the barrier function of the polymeric 
coating. Of course, the field of metal-ion based self-healing 
polymers[10,11] is also outside the scope of this review. Earlier 
(partial) reviews on specific self-healing metal systems can be 
found elsewhere.[12–18]

2. Autonomous Healing

Autonomous intrinsic healing in metals does not require the 
assistance of external (mechanical, thermal, electrical, or other 
energetic) input or triggers, but may require the lowering or 
complete removal of the forces responsible for the damage 
creation. These conditions are not different from those for other 
autonomous intrinsic healing materials such as polymers[3,4] 
and natural bone.[19,20] Also in these cases healing can take 
place at ambient temperatures, but the external mechanical 
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load has to be removed temporarily to allow reformation of 
chemical and physical bonds across the damage site. In the 
examples of autonomous intrinsic healing metals the composi-
tion of the alloy is generally similar (or even identical) to that 
of known commercial alloys and the “healing agent” is not dis-
cernible as a separate identifiable phase in the microstructure, 
but is present as an alloying element in supersaturated state. 
Furthermore, the healing takes place under conditions almost 
identical (at least as far as temperature is concerned) to those 
under which the damage was formed.

The key parameter for autonomous intrinsic healing metals 
is the atomic mobility of the solute atoms (and that of the 
matrix atoms as the transport of the solute atoms through 
the crystal lattice also requires the diffusional displacement 
of the matrix atoms in the opposite direction). As the atomic 
mobility strongly depends on temperature we can define a 
lower and an upper temperature that confine the tempera-
ture window in which appealing combinations of self-healing 
behavior and adequate mechanical properties can be obtained. 
For the lowest temperature (Tmin) at which a measurable atomic 
transport can be observed in long yet realistic time scales, we 
use the generally accepted lower temperature limit at which 
creep deformation takes place: Tmin/Tm ≈ 0.40, where Tm is 
the melting temperature (both temperatures are defined in 
kelvin units). Application of this rule to the two most relevant 
industrial metallic systems, yields for the minimum tempera-
tures at which autonomous healing can take place values of 
Tmin ≈ 100 °C for aluminum alloys and Tmin ≈ 450 °C for steels 
(Tm = 660 °C for pure Al and 1538 °C for pure Fe). Of course, 
at high temperatures close to the melting point the atomic 
mobility reaches high values and we should have a good poten-
tial to achieve self-healing. However, at these temperatures the  
mechanical properties drop to rather low values, making the mate-
rial less suitable for real applications. So, more or less arbitrarily 
we define the maximum operation temperature (Tmax) at which 
we can benefit from self-healing behavior as: Tmax/Tm ≈ 0.65.  
This limit is again in line with the first-order estimate for the 
upper operation temperature for creep-loaded metals. For 
aluminum alloys and steels, these maximum temperatures are 
about Tmax ≈ 330 °C for aluminum alloys and Tmax ≈ 900 °C for 
steels. Based on these guidelines it should be possible to design 
self-healing aluminum grades repairing damage autonomously 
near room temperature, while in the case of steels, autonomous 
healing of damage can take place at temperatures at which 
creep-resistant steels are designed to function.

With the temperature window for healing in metal alloys 
being defined, it is illustrative to make an estimate of the size 
of the defects that can be healed via diffusional processes. To 
this aim we take 105 s (≈1 d) as an acceptable healing time and 
use the diffusion coefficient D = D0e

−Q/RT of Cu in aluminum 
(with D0 = 6.5 × 10−5 m2 s−1 and Q = 136 kJ mol−1)[21] and the 
diffusion coefficient of Au in iron (with D0 = 7.0 × 10−5 m2 s−1 
and Q = 227 kJ mol−1)[22] (see the next sections why these ele-
ments were selected). Such a first-order estimate is informative 
as it shows that the only very small scale damage, smaller than 
the characteristic diffusion length Dt2 , can be healed. For Cu-
containing aluminum alloys the healable damage size ranges 
from 1.5 nm to 7 µm for the lowest and highest healing tem-
perature, respectively. For Au-containing steels the healable 

damage sizes range from 35 nm to 50 µm, respectively. We 
will now look in more detail into the reported studies on the 
healing of aluminum alloys and creep steels (and model alloys 
thereof) and compare the results obtained with the conceptual 
expectations.

2.1. Aluminum

As stated in the introduction, any intrinsic self-healing reaction 
in a metallic system requires sufficient mobility of the atoms 
involved, irrespective whether they are the matrix atoms or the 
solute atoms dissolved therein. So, if this reaction is to take 
place at or near room temperature, an alloy with a base metal 
that has a relatively low melting point such as aluminum offers 
the highest chance of success.

A high diffusivity is however not the only requirement for 
self-healing. To heal the damage, i.e., to remove the cavity, one 
needs a solid-state reaction leading to the formation of a new 
phase with a significantly larger average atomic volume than 
that of the constituent atoms. This solid-state reaction at the 
damage site turns the mobile healing species into an immobile 
species in accordance with the general conceptual rules for self-
healing materials defined in the introduction. A precipitation 
reaction leading to an increase in the average atomic volume 
stimulates the precipitation of the new phase in the empty 
cavity as this is energetically favorable over the precipitation 
in the matrix because less strain energy is involved. Another 
requirement for autonomous (intrinsic) healing to take place 
is that the healing solute atoms are ready available and in an 
energetically raised state. Such a state can easily be obtained by 
bringing the solute atoms in a (full or partial) supersaturated 
state. The fully supersaturated (homogenized) state offers of 
course the largest potential for self-healing, but leads to rela-
tively low yield strength values, while the underaged state may 
yield a more attractive combination of a decent yield strength 
and some remaining self-healing capability.

Probably the first studies into the self-healing behavior of alu-
minum alloys are those by Lumley and co-workers who studied 
self-healing in the context of both creep[12,23] and fatigue.[12,24] 
They focused on the supersaturated state as the starting con-
dition and on alloys that show dynamic precipitation reactions 
leading to a local volume expansion.[25] Once local creep or 
fatigue damage occurs precipitation at the defect sites can take 
place and the nanocrack is effectively removed. This process 
should lead to an increase in the (high-cycle) fatigue life time, 
as well as the creep life time. The concept is elegantly visual-
ized in Figure 1 and shows how a nanodefect would be filled 
by solute transport along a dislocation intersecting the nano-
defect. The acceleration of mass transport by pipe diffusion 
along dislocations trapped at the nanodefect is crucial to obtain 
an adequate directional mass transport at temperatures where 
volumetric diffusion through the undisturbed lattice would be 
too slow.

Lumley and co-workers[24] observed a small improvement 
in the high-cycle fatigue life in an underaged Al–Cu–Mg–Ag 
alloy tested at room temperature and at maximal stress levels 
ranging from 140 to 240 MPa for an R value of −1. The R value 
expresses the amplitude ratio of the minimum peak stress 
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divided by the maximum peak stress (R = σmin/σmax) in the  
fatigue test. As sown in Figure 2a, a more substantial improve-
ment in the fatigue life time, in particular at lower stress levels, 
has been observed in an aircraft-grade Al–Cu–Mg AA2024 
alloy when the fatigue life of the underaged (UA) material was 
compared with that of the same material in its peak-aged T3 
state.[26,27] For the lowest examined stress value of 260 MPa, the 
number of cycles to failure for the T3 condition was 3 × 105 cycles,  
while that for the UA condition was more than 10 times higher. 
However, such an improvement in fatigue life could only be 
demonstrated for R = −0.4. No improvement was observed 
when the materials were tested at R = +0.1, where all samples 
tested at a stress range of 260 MPa failed at about 2 × 105 cycles.

A Doppler broadening analysis of the positron annihilation 
photons in the (R = −0.4) fatigue-loaded underaged samples 
has been performed to determine if dynamic precipitation had 
taken place.[26] Positron annihilation provides ideal techniques 
(in the form of Doppler broadening and lifetime spectroscopy) 
to monitor the occurrence of nanoscale damage generated by 
plastic deformation of aluminum alloys and its disappearance 
upon unloading and subsequent ageing.[28,29] In particular the 
Doppler broadening analysis can reveal changes in the local 
chemical environment of the damage site. It has been demon-
strated that changes in the S parameter reflect changes in the 
degree of clustering of Cu atoms at the defect sites. However, 
the positron Doppler broadening data on the fatigue-loaded 
underaged samples as a function of the fractional life time 
did not show any change in the S parameter until the very last 
stage of the sample life time, where substantial plastic deforma-
tion had taken place near the crack (see Figure 2b). Although 
an improvement in fatigue life time was observed, it could not 
be connected to the formation of Cu-rich precipitates at early-
stage damage sites. While a disappointing outcome, it would 
be in line with the results from extensive studies on crack ini-
tiation in aluminum aircraft alloys,[30] which showed that for 
perfectly produced and processed samples the crack initiation 
primarily takes place at the brittle interface between the larger 
constituent particles (of 10–20 µm). Crack initiation sites of 
such dimensions would be too large to be healed by delayed 

dynamic precipitation. Furthermore, as 
argued by Wanhill,[31] fatigue cracks generally 
nucleate at or near the sample surface, where 
precipitation is hindered by the presence of 
the natural oxide layer. So, although there are 
indications that intentional supersaturation 
in precipitation hardenable aluminum alloys 
can lead to higher fatigue life times, the rigid 
evidence is yet to be provided.

As qualitatively predicted, there is indeed 
experimental evidence that the creep life 
time of an underaged AA2024 alloy tested at 
150 °C and at a load of 300 MPa exceeds that 
of the same alloy in its T6 aged state.[12,23] 
The effect of supersaturation on the creep 
life time in aluminum alloys has however 
not been studied extensively since these 
reports. So far there is no direct metallo-
graphic evidence that that creep life time 
extension is due to the healing of early-stage 

creep damage. In contrast to the case of fatigue damage, in 
the case of creep failure most of the early stage damage would 
form internally in the sample and the envisaged precipitation 
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Figure 1. Schematic representation of nanodamage healing via solute transport along a disloca-
tion and subsequent precipitation. Stage 1: initial damage. Stage 2–5 successive healing stages. 
Stage 6: healed nanodamage. Reproduced with permission.[24] Copyright 2005, R.N. Lumley.

Figure 2. a) Fatigue life time of peak aged and underaged (UA) 2024 alu-
minum alloys. b) Changes in the S parameter for the Doppler broadening 
in positron annihilation experiments for the fatigue loaded UA samples 
as a function of their fractional lifetime. Reproduced with permission.[26] 
Copyright 2015, IOS.
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reactions would therefore not be affected by side reactions with 
the environment. It is interesting to note that the tempera-
ture at which the life time extension is observed experimen-
tally (T/Tm ≈ 0.45) fits well within the temperature window for 
autonomous healing in aluminum predicted in the introduc-
tion of this subchapter.

2.2. Steel

When a steel component is placed under a quasi-constant load 
at elevated temperatures (T/Tm > 0.4) for a long period of time 
creep damage may take place. Creep damage starts with the for-
mation of cavities preferentially formed on the grain bounda-
ries oriented perpendicular to the applied stress. Over time 
the size and density of these creep cavities will increase slowly. 
When neighboring cavities coalesce the resulting cavity shows a 
much more rapid growth. This process will eventually result in 
a macroscopic crack and fatal damage of the steel component. 
Creep-resistant steels are extensively applied in power plants, in 
which the turbines and steam pipes operate at temperatures of 
500–700 °C (773–973 K). Considering the melting temperature 
of pure iron (Tm = 1538 °C) as reference temperature, the rela-
tive temperature is about T/Tm ≈ 0.5.

The basic concept to potentially achieve autonomous repair 
of creep damage in steels was first proposed by Shinya and co-
workers[32] and later refined by Zhang and co-workers.[33] The 
idea is to interrupt the creep cavity growth by site-selective pre-
cipitation on the free cavity surface to avoid the coalescence of 
these cavities, which ultimately leads to the development of 
macroscopic damage. In Figure 3, a schematic overview of the 
self-healing mechanism is presented. In its initial loading state 
the material consists of an alloy with a supersaturated solute 
element that wants to segregate, but experiences a significant 
energy barrier for precipitate the nucleation within the bulk 

of the material. Under an applied stress a number of creep 
cavities nucleate on the grain boundaries oriented perpen-
dicular to the load. These creep cavities then grow in size by a 
continuous flow of vacancies along the grain boundary. Some 
of the supersaturated solute atoms now precipitate at the free 
creep cavity surface, as the barrier for precipitate nucleation is 
significantly reduced compared to its bulk value. The flux of 
supersaturated solute along the grain boundary reduces and 
potentially stops the creep cavity growth. The precipitation con-
tinues until the creep cavity is completely filled. This process 
will restart each time a new creep cavity is formed.

The earliest experimental observations on the (unintended) 
self-healing of creep damage by site-selective precipitation 
in compositionally modified stainless steels were reported 
by Laha and co-workers[34–38] and reviewed by Shinya.[13] By 
adding small amounts of B and N,[34,35] the creep lifetime was 
significantly enhanced and at the same time a pronounced BN 
precipitation inside the creep cavities was observed at a tem-
perature of 750 °C. A detailed analysis of the mechanism[32,36] 
indicated that the segregation of B and the precipitation of 
BN on the creep cavity surface both retard the growth of the 
creep cavity, and thereby lead to an increase in the creep life 
time. In a subsequent study it was shown that the addition of 
Cu in stainless steel resulted in a further enhancement of the 
creep lifetime.[37] A more extensive study however revealed that 
although the short-term creep rupture strength was improved 
by the addition of copper in stainless steel, the long-term 
strength was inferior.[38] The self-healing process of creep 
damage in fcc Fe by site-selective BN precipitation at the creep 
cavity surface was also modeled in a multiscale computational 
study by Karpov and co-workers.[39]

Inspired by the work on self-healing of creep damage in 
Cu-containing stainless steels, the self-healing potential of 
binary Fe-based model alloys designed to show self-healing 
behavior (rather than good mechanical properties) has been 
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Figure 3. Schematics of the self-healing principle of creep damage in metal alloys: damage formation is followed by self-healing. A metal alloy matrix 
with a supersaturation of mobile solute atoms is placed under an applied load (σ) perpendicular to the grain boundary (GB) (1). Nucleation of a creep 
cavity at the GB (2), is followed by growth (3). The added solute favors segregation at the free cavity surface (4), this initiates volume and GB diffusion 
of solute from the matrix towards the open volume of the creep cavity (5) until the cavity is completely filled (6). The nearby matrix is solute depleted 
by the diffusion, as indicated by the dashed line. Reproduced with permission.[33]
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investigated systematically by our research team. To this aim 
we designed a number of (binary) Fe-X alloys for a selected 
creep temperature of 550 °C in which the following criteria are 
met: i) the system can be brought into a supersaturated state, 
with an intended level of supersaturation of about 1 at%, ii) the 
solute atoms have a larger atomic radius than that of Fe, such 
that when the solutes precipitate in the creep induced cavities 
there is a net volumetric filling process, iii) the precipitation of 
the reaction phase will not occur in the grain interior under the 
prevailing conditions, iv) the solute atoms diffuse faster than 
the self-diffusion of Fe and v) in their passage from the grain 
interior to the damage site, the solute atoms do not interact 
with each other atoms to form an immobile intermetallic. In 
support of our program the diffusion coefficients of 28 alloying 
elements in pure bcc iron have been calculated using ab initio 
DFT mode ling.[22] As can be seen in Figure 4, it is found that 
the activation energy for the diffusion Q is of similar magnitude 

for all (substitutionally dissolved) elements investigated and 
with only minor variations in the preexponential factor D0.

Given the success of using Cu as the healing agent in aus-
tenitic (fcc) stainless steel, early research focused on Fe–Cu 
alloys with and without added B and N.[40–43] The precipitation 
of supersaturated Cu was clearly accelerated by the presence of 
dislocations and free surfaces. The nucleation of precipitates 
however only showed a weak preference for the free surfaces 
compared to the dislocation network within the matrix and at 
grain boundaries.[16] This was ascribed to the relatively small 
strain energy associated with the precipitation supersaturated 
copper within the matrix, as a result of the comparable atomic 
size of Cu and Fe. The precipitation of copper within the grain 
interior instead of at the creep cavity surface implies a rather 
inefficient use of the healing agent and potential depletion of 
the source of healings before the onset of extensive creep cavity 
formation. For the Fe–C–B–N model alloys (with a bcc lattice 
structure) no significant defect-induced precipitation of BN pre-
cipitates was observed at creep loading conditions.

Clear evidence that self-healing of creep damage could be 
achieved in (bcc) Fe-based model alloys was found when the 
creep behavior of Fe–Au (1 at%) and Fe–Cu (1 at%) alloys was 
compared.[33] As shown in Figure 5a, the creep life time as is 
significantly enhanced for solutionized Fe–Cu compared to 
solution-depleted Fe–Cu alloys. In the solutionized samples 
all Cu was homogeneously dissolved in the matrix at high 
temperatures, retained in the matrix by quenching and the 
brought in a supersaturated state at the intermediate operating 
temperature during creep. In the solution-depleted samples 
all supersaturated solute was precipitated at the start of the 
creep test. The solutionized samples are therefore in a meta-
stable state that provides a significant amount of mobile solute 
potentially available to self-heal creep damage. This is reflected 
in the increase in creep lifetime. When the solutionized Cu is 
replaced by solutionized Au, then the creep lifetime was found 
to be enhanced even further.

An extensive microstructure evolution by various electron 
microscopy techniques (SEM, EPMA, EBSD, TEM) and atom 
probe tomography (APT)[33,44] revealed that in binary Fe–Au 
alloy the supersaturated solute Au shows a strong tendency to 
segregate at the free surface of the formed creep cavities. In the 
absence of creep cavities nanosized precipitates only formed 
when a high dislocation density was present.[45–47] As a result 
of the large difference in atomic size between the Au and Fe 
atoms precipitate nucleation inside the matrix is strongly sup-
pressed by the large strain energy involved in the heterogeneous 
nucleation. This strong preference for precipitation at (internal) 
free surfaces makes the Fe–Au system an excellent example 
for autonomous repair of creep damage. In Figure 5b, a SEM 
image of the creep cavity filling by gold precipitation is shown 
as illustration. The efficiency of the healing process was quanti-
fied by quantitative image analysis of the SEM images of creep 
failed Fe–Au alloy samples. As indicated in Figure 5c, a healing 
efficiency of 80% was obtained for low applied stresses, which 
decreases for higher stresses. This reduction was explained 
by a simple model[33,44] that compares the creep cavity growth 
rate and the filling rate by precipitation. Where the creep rate 
strongly depends on the applied stress the solute diffusion is 
mainly controlled by temperature. This suggests that beyond 
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Figure 4. a) Total activation energy QFM for impurity diffusion in the fer-
romagnetic state, arranged by row and column of the periodic system: 
row 3 of the periodic system (purple triangles), row 4 of the periodic 
system (red squares), row 5 of the periodic system (green triangles), 
and row 6 of the periodic system (blue diamonds). b) Corresponding 
prefactor for impurity diffusion D0. The dashed lines are a guide to the 
eye. Reproduced with permission.[22] Copyright 2017, American Physical 
Society.
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a critical stress the precipitation rate inside the creep cavity is 
insufficient to catch up with the creep cavity growth.

In order to study this self-healing process in full detail 3D 
studies of the partially filled creep cavities are required. As the 
creep cavities nucleate in the nanometer size range and reach 
a size of about a micron by the time the filling is complete a 
high-resolution tomography technique is required. In Figure 6, 

experimental nanobeam X-ray tomography data are shown for 
creep-failed samples of the solutionized Fe–Au alloy.[48]

With this advanced synchrotron technique a spatial 
resolution down to 25 nm can be reached. As shown in 
Figure 6, the large difference in electron density allows for 
a clear discrimination between the creep cavities, the gold 
precipitates and the matrix. The creep damage is clearly 
concentrated at the grain boundaries, while at creep fracture 
the creep damage is partly healed by the gold precipitation. 
Most informative for the healing process are the partly filled 
cavities. In Figure 7, a series of examples of the partly filled 
cavities is shown at different levels of filling (indicated by the 
filling ratio FR). The high spatial resolution provides a detailed 
view on the complex cavity shapes that are formed during 
creep. The precipitation is found to form at one or more spe-
cific nucleation sites on the free creep cavity surface and then 
grows into the free volume until the cavity is fully filled. It 
should be pointed out that the supply of Au atoms to the pores 
will proceed by an as-yet unestablished ratio of bulk diffusion 
and grain boundary diffusion, so the actual rate of growth may 
be higher than that predicted on bulk diffusion coefficient 
values only. As gold precipitation on the free surface of a creep 
cavity has been demonstrated convincingly, it would be a logical 
assumption that gold precipitation also takes place at the outer 
surface. In a subsequent SEM experiment,[49] gold precipita-
tion and island formation were indeed observed on the outer 
surface after in-situ aging at high temperatures. As this outer 
surface is more accessible it provides direct insight in the pre-
cipitation mechanism responsible for the creep cavity filling.

Although the Fe–Au alloy system was found to be an 
excellent example for autonomous repair of creep damage in  
Fe-based alloys, the addition of gold has limited practical appli-
cations due to its scarcity. The key ingredients identified from 
the Fe–Au system where a supersaturation of mobile solute 
with a strong chemical driving force for precipitation com-
bined with a strong preference for precipitation at a free surface 
compared to the matrix. In order to maintain a high energy bar-
rier for nucleation in the matrix it is logical to search for other 
elements with an atom size that is significantly larger than iron, 
which are abundantly available. Recently, it was found that self-
healing of creep damage can indeed also be achieved in binary 
Fe–Mo alloys.[50] In this system, the solubility of Mo is higher 
than Au at a temperature of 550 °C. The supersaturated Mo now 
forms the Fe2Mo Laves phase precipitate. The healing of creep 
cavities by Fe2Mo precipitation in Fe–Mo alloys is illustrated 
in Figure 8. The Fe–Mo system provides a second example for 
autonomous repair of creep damage, which is still less effective 
as the Fe–Au system due to a slower healing response. Work 
is ongoing to study the creep damage healing phenomena in 
high-purity binary Fe–W model alloys with a similar degree of 
supersaturation and promising results are obtained.

3. Assisted Healing

3.1. Temperature, Below the Melting Point

The creation of structural damage generally creates addi-
tional internal surface when cracks or cavities are generated. 
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Figure 5. a) Creep curves for the Fe–Au (solutionized) and Fe–Cu (solu-
tionized and solution-depleted) alloys at an applied stress of 100 MPa 
and a temperature of 550 °C. b) Micrograph of filled and partially 
filled cavities and microcracks along grain boundaries. c) Experimen-
tally determined areal fraction of unfilled creep cavities, areal fraction 
of Au precipitates and the resulting fraction of precipitate-filled creep 
cavities (filling ratio) at different applied stress levels for the Fe–Au alloy. 
Reproduced with permission.[33]
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In the absence of an external force to stabilize this added 
free surface of the cracks the system is in a metastable state 
with an excess surface energy. When the atom mobility is 
limited at the operating temperature this metastable state 
is maintained on the time scale relevant for its life time. 
Enhancing the temperature for a limited period of time will 
now temporarily enhance the atom mobility, which tends 
to drive the system towards a reduction of the excess sur-
face energy. When the preferred structure of the material is 

well defined the original structure may be repaired by the 
temporal increase in temperature.

An elegant demonstration of this effect was provided by 
Kovalenko and co-workers.[51] They considered a system of 
single crystalline gold particles on a sapphire substrate, in 
which the particles were plastically deformed by indentation 
with an atomic force microscopy (AFM) tip. Annealing to a 
temperature of 660 °C (T/Tm = 0.65) for 10 min resulted in a 
full recovery of the original shape of the particle. A comparable 

demonstration of low temperature sintering 
effects leading to crack healing has been 
given by Chen and co-workers[52] for porous 
silver interlayers in power electronic devices. 
In pure iron crack healing was demonstrated 
by in situ TEM when the temperature was 
raised to 700–750 °C (T/Tm ≈ 0.55) with a 
migration rate of 0.3 nm s−1.[53] To heal size-
able cracks within a reasonable time scale the 
temperature needs to be raised significantly. 
This process can be considered as sintering 
and generally the component dimensions 
cannot be controlled without an additional 
confinement of the outer shape. The temper-
ature assisted crack and pore healing was ele-
gantly analyzed in the computational study 
by Wang and co-workers.[54]

3.2. Temperature, Above the Melting Point

As stated in the introduction, atomic 
mobility is the key phenomenon to be taken 
into account in the design of self-healing 
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Figure 6. Region of interest (130 × 130 × 50 µm3) revealing the microstructure of the Fe–Au alloy after creep failure at a temperature of 550 °C and an 
applied stress of 80 MPa. The applied stress is normal to the top view. Reproduced with permission.[48] Copyright 2016, Elsevier.

Figure 7. Examples (top view) showing cavities (a–f) with different filling ratios (FR). The applied 
stress is normal to the top view. Reproduced with permission.[48] Copyright 2016, Elsevier.
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metals. Hence it is not surprising that research has been 
directed to approaches in which local melting of one of the 
phases present in the material plays an important role. This 
approach has been explored first by Manuel[14,55] who designed 
a composite material consisting of shape–memory alloy 
(SMA) wires embedded in a low melting point matrix metal. 
In case of fracture, the crack is assumed to run through the 
relatively weak brittle matrix and to leave the SMA wires intact, 
due to a low interfacial bond strength and a superior tensile 
strength. Upon heating of the composite, the SMA wires con-
tract, thereby close the crack gap and ascertain physical con-
tact between the opposite crack faces. Upon further heating 
the matrix (partially) melts and the crack is filled completely 
by the liquid fraction. Upon subsequent cooling to the starting 
temperature well below the melting temperature a mechani-
cally recovered sample should be obtained. The process has 
been demonstrated to work using a Sn-21Bi (wt%) low-tem-
perature solder as matrix and 1 vol% NiTi SMA wires. A 95% 
strength recovery was obtained upon healing for 24 h at 169 °C 
(at this temperature 20 vol% of liquid is present). More recent 
studies along the same line are performed by Rohatgi and 
co-workers,[56,57] who used a zinc-based alloy as matrix mate-
rial. Of course, one can question the practical relevance of 
this approach as the presence of a semiliquid matrix during 
the healing process requires additional measures to maintain 
the shape of the sample and prevent liquid leakage from the 
matrix. The only potential application field we could identify 
is that of solder alloys (optionally reinforced with SMA nanow-
ires) for electronic applications.

The alternative approach to that of a low melting point 
matrix reinforced by high melting point fibers is that of 
a high melting point matrix containing capsules of a low 
melting point metal.[58] This concept closely resembles the 
original White concept[59] and the many derivatives thereof 

for other materials such as asphalt[60] and 
high-temperature ceramics,[61–64] albeit that 
in this case the system is non-autonomous 
and requires thermal activation. When 
the original approach from White and co-
workers is followed, there would be the addi-
tional technical complexity that a ceramic 
shell surrounding the solder droplet is 
required, analogous to the alumina coating 
around the Mo2Si healing particles used in 
novel self-healing thermal barrier coating 
systems.[65] Recently, Kim and co-workers 
designed a (Al, Cu, Si)100−x(Sn, Bi)x alloy 
system with a microstructure consisting of 
spherical particles of a Sn–Bi phase with 
a low melting point (137 °C) embedded 
without a shell in a Al–Cu–Si matrix phase 
with a high melting point (517 °C).[66] They 
demonstrated that alloys processed to this 
microstructure showed the desirable ability 
to heal internal cracks (up to a width of 
28 µm) induced by hot rolling at a tempera-
ture of 150 °C.

3.3. Plastic Deformation

The combined effect of high temperature and compressive 
stress is a rather invasive operation, but can result in an effec-
tive healing of internal cracks in the metal microstructure. Yu 
and co-workers[67] demonstrated that self-healing of internal 
cracks could be achieved in a low-carbon steel when hot plastic 
deformation was applied at temperatures ranging from 900 to 
1200 °C (T/Tm = 0.65–80). During the deformation the sample 
thickness was reduced to values between 90% and 50% of its 
original value. It was found that the degree of crack healing 
increases with increasing heating temperature, reduction ratio, 
and holding time.

Xin and co-workers[68] adopted a similar crack healing 
procedure on a different low-carbon steel. By applying a fixed 
reduction at different temperatures ranging from 900 to 
1200 °C, a significant crack healing and recovery of the tensile 
strength could be achieved within 2 h for the highest operation 
temperatures. From a microstructure analysis it was concluded 
that the crack healing is by atomic diffusion at the lowest 
temperature of 900 °C (T/Tm = 0.65), while at higher temper-
atures of 1000 °C and beyond (T/Tm > 0.70) it mainly occurs 
more rapidly in the form of recrystallization and grain growth. 
The evolution of crack healing can be divided into four stages: 
i) the formation of bulging particles on the crack surface,  
ii) bridging of the crack by the particles resulting in crack 
segmentation, iii) spheroidization of the crack segments, and  
iv) diminishing of the spherical voids and vanishing of the 
crack healing zone.

In a subsequent study, the same authors also investigated 
the recovery of the impact properties after the described 
assisted healing operation.[69] It was found that the degree of 
recovery of the impact properties after the crack healing treat-
ment increases with increasing healing temperature and 

Adv. Mater. Interfaces 2018, 5, 1800226

Figure 8. Micrographs (a–d) of the Fe–Mo alloy after creep for a stress of 160 MPa at a tempera-
ture of 565 °C demonstrating cavities and precipitation at grain boundaries parallel to the loading 
direction. Reproduced with permission.[50] Copyright 2016, The Authors, published by Springer.



www.advancedsciencenews.com

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800226 (10 of 13)

www.advmatinterfaces.de

holding time in the temperature range from 900 to 1100 °C, 
while the impact properties deteriorate at 1200 °C. When the 
cracks have disappeared completely the tensile properties of the 
crack-healed samples were fully recovered, while their impact 
properties were only partially restored.

While the combination of pressure and high temperature 
certainly works to reduce the amount of internal defects in 
metallic products, as the extensive industrial application of 
hot isostatic pressing illustrates, one can question whether the 
expression “self-healing” applies to this route. It certainly is not 
an in situ or autonomous healing route.

3.4. Electric Field

One form of assisted healing of metals that is currently investi-
gated is the use of an electric field to generate a higher atomic 
mobility near a defect site and in doing so promote the repair 
of internal cracks. Zheng and co-workers[70] developed a novel 
crack-healing approach, called electrohealing, by means of an 
electrochemical process in which metallic ions in electrolyte 
are used as a healing agent. Pure Ni sheets with a through-
thickness crack were taken as an example. Cracks with sizes in 
the micrometer range or larger are successfully healed. Healing 
efficiencies up to 96% were achieved.

An alternative approach to use electric field was adopted by 
Song and co-workers,[71] who demonstrated that internal cracks 
in a titanium alloy could be healed by electropulsing using the 
discharge of a capacitor to generate a current through the metal 
specimen. Around cracks the current is locally enhanced as the 
flow is concentrated, which leads to a resistive heating at the 
edges of the open-volume defect. The inhomogeneous tem-
perature rise will induce a thermal compressive stress inside 
the material. This stress field is highly localized. As a result, 
the pulse current which is automatically concentrated at the 
damage site generates a temperature gradient and compressive 
stresses at these sites that directly heal the internal defects in 
the metal.

4. Modeling

Modeling studies on (intrinsic) self-healing of structural 
damage in metals have up to recently been small in number. 
Computational investigations generally either focus on micro-
scopic cracks using continuum models by employing finite ele-
ment model (FEM) calculations[54,72,73] or on the time evolution 
of nanoscale cuts or voids using atomistic models by employing 
molecular dynamics (MD) calculations.[74–79] In some cases 
multiscale modeling is used to incorporate atomistic properties 
in the microscopic description of the damage repair.[39]

The general characteristics of the crack evolution in a 
self-healing metal have first been evaluated by Wang and co-
workers[54] using FEM calculations. The void healing process 
was analyzed, which resulted in some analytical solutions for 
idealized cases. From the numerical and analytical calculations 
the parameters that control the rate of the self-healing process 
were derived. While their model did not include any metal spe-
cific properties and regarded the metals as an isotropic con-
tinuum, the analysis gave some interesting indications that the 
healing rates of pores via diffusion fluxes at high temperatures 
should be strongly dependent on the interpore spacing.

In a recent paper by Pan and co-workers[72] a phase field 
model was proposed for continuum damage healing based on 
nonequilibrium thermodynamics. The healing was motivated 
by the diffusion of healing agents released by capsules of solute 
atoms and described by a diffusion equation with a chemical 
reaction. It is found that the mechanical loading, the accu-
mulation of damage and the diffusion of healing agents work 
together to govern the damage healing.

Karpov and co-workers analyzed the self-healing process 
of creep damage in fcc Fe by site-selective BN precipitation at 
the creep cavity surface with a dedicated multiscale computa-
tional model,[39] as illustrated in Figure 9. The time required to 
fill a creep cavity by BN precipitation was analyzed as a func-
tion of the creep cavity size, the applied stress and the aspect 
ratio of the cavity. The diffusional flux of supersaturated solute 
responsible for the filling of creep cavities in the self-healing 
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Figure 9. a) Illustration of boron nitride precipitation on creep cavity surface in stainless steel and b) Multiscale physical model of a self-healing 
material sample featuring the corresponding precipitative mechanism. The finite-element model requires a dynamic update due to kinetic processes 
in finite elements overlapping the cavity and the parameters of the kinetic Monte-Carlo model depend on the sample deformation. Reproduced with 
permission.[39] Copyright 2012, Elsevier.
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process was analyzed by Versteylen et al.[73] for bcc Fe alloys by 
FEM modeling of creep cavities located on a grain boundary. 
It was found that the effective dimensionality of the solute 
flux strongly depends on the spacing of the creep cavities with 
respect to the cavity size and on the ratio between the grain-
boundary diffusivity and the bulk diffusivity.

MD studies on self-healing in metals generally focus on the 
recovery of nanoscale damage at relatively short time scales. A 
nice example is the computational study by Xu and Demko-
wicz,[74] that demonstrated a complete healing of nanocracks 
by the generation of crystal defects known as disclinations in 
nanocrystalline nickel. In a subsequent study the self-healing 
of nanocracks in nanoscale palladium was investigated by MD 
calculations.[75] Similarly, Li et al.[76] investigated the healing 
of nanocracks in a copper plate subjected to shear stress. The 
results show that the process of crack healing is actualized 
through the emission of dislocations at the crack tip and the 
dislocation annihilation at the free surface. In a subsequent 
study,[77] the MD calculations were generalized to include 

compression. The crack healing of nanovoids during stress-
driven grain-boundary motion was analyzed by Aramfard and 
Deng.[78] As shown in Figure 10, to examine the influence of 
metal type on the healing of nanocracks during grain-boundary 
motion under shear five types of fcc metals were examined. 
Depending on the metal type, the crack could heal, grow, 
or show a combination of both. Al and Ni showed signifi-
cant crack growth and propagation along the grain boundary 
(Figure 10b,e), while Cu and Au showed complete crack healing 
(Figure 10c,d) and Ag showed a partial crack healing at the 
beginning, followed by crack growth later on (Figure 10a).

The healing mechanism of nanocracks in nanocrystalline 
metals during creep was analyzed by Meraj and Pal.[79] An 
example of the relatively fast crack healing in nanocrystalline 
nickel is shown in Figure 11. For very small nanoscale defects, 
a high temperature was found to be sufficient in MD calcula-
tions to show healing in bcc Fe.[80] In line with the nucleation of 
grain-boundary cavities during creep, it is expected that below a 
certain critical size a generated crystalline defect is unstable as a 
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Figure 10. Influence of material type on the interaction between a nanocrack and shear-coupled grain-boundary motion. Bicrystal models containing 
a Σ29 (3 7 0) grain boundary deformed at 500 K in a) Ag, b) Al, c) Au, d) Cu, and e) Ni. Self-healing is only observed for Au and Cu. Reproduced with 
permission.[78] Copyright 2016, AIP Publishing.

Figure 11. a) Schematic pictorial representation of nanocrack healing mechanism and simulated atomic trajectory snapshots of nanocrystalline Ni 
having b) a (4 × 3 × 3) nm3 and c) (12 × 3 × 3) nm3 nanocrack at different time steps (red color represents the selected atoms and yellow color 
represents the atomic trajectory). Reproduced with permission.[79] Copyright 2017, Springer.
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result of the increase in surface energy.[81] It would be useful if 
the relative stability of the damage considered in the MD model 
calculations would be analyzed in more detail. The more stable 
the structural damage, the bigger the achievement is to build in 
a self-healing mechanism.

5. Prospects

In this review, we have tried to address the most promising 
and scientifically interesting approaches to self-healing in 
metals. The analysis shows that intrinsic healing in metallic 
alloys should be possible by a clever use of supersatura-
tion of alloying elements likely to have a preference for more 
“space.” For this potential to be realized it is important to con-
duct the experiments in the right temperature range and to 
focus on damage modes that have a tendency to form within 
the material itself. Healing of surface defects (other than res-
toration of the natural oxide layer) remains a less promising 
route, although it cannot be excluded. Current experiments 
on self-healing of fatigue damage have led to mixed results, 
but the analysis as presented here suggests that the fatigue-
healing experiments may have been conducted at the lower 
side of the recommended temperature range. As to the self-
healing of creep damage the outlook seems more promising, 
as the studies on model alloys clearly demonstrate that filling 
of pores can occur and does have a positive effect on the life 
time. In coming years research should focus on combining 
the insight gained from the self-healing model alloys and from 
the research on computational (re)design of creep-resistant 
alloys[82,83] to incorporate self-healing capabilities. While auton-
omous healing so far only seems to have been studied experi-
mentally for aluminum alloys and steels, there may be many 
interesting, but as yet unexplored options for self-healing in 
other metals like, e.g., nickel-based alloys for high-temperature 
applications. Similarly, the self-healing of Ag and Au alloys for 
electronic applications, where the reliable behavior at relatively 
high temperatures (at low mechanical loads) is crucial, seems a 
field worth exploring systematically.

While multiphase microstructures (each phase having a 
different chemical composition due to a clever use of element 
partitioning in the solid state) are the most promising routes 
forward in the realization of high-performance steels, it is 
unlikely that the local differences in chemical composition can 
be tailored to such a degree that they result in significant differ-
ence in average atomic mobility and can be used towards the 
creation of quasi-extrinsic self-healing metals.

The reported experiments on extrinsic self-healing metallic 
composites certainly lived up to their conceptual and scien-
tific expectations, and more work can be done to monitor and 
quantify the healing under a wider spectrum of damage and 
healing conditions. However, realistic application areas for 
such systems have not yet been identified.

Finally, while some modeling work on the self-healing 
behavior of metals has been done, there is ample scope for 
further work in this field, as the current models are gener-
ally descriptive and lack predictive power. The next generation 
predictive models should be of a multiscale nature where i) the 
actual healing mechanism takes place at an atomic length scale, 

ii) the damage to be healed is generally at a micron or submi-
cron scale, and iii) the products to benefit from the healing 
action are generally of macroscopic dimensions.
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