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A B S T R A C T 
The autonomous filling of creep-loading induced grain-boundary cavities by gold-rich 
precipitates at a temperature of 550 oC has been studied as a function of the applied 
load for Fe-Au alloys using synchrotron X-ray nano-tomography. The alloy serves as 
a model alloy for future self-healing creep resistant steels. The size, shape and spatial 
distribution of cavities and precipitates are analyzed quantitatively in 3D at a 
nanometer resolution scale. The filling ratios for individual cavities are determined 
and thus a map of the filling ratio evolution is obtained. It is found that the gold-rich 
precipitates only form at cavity surfaces and thereby repair the creep cavity. The 
shape of the cavities changes from equiaxed to planar crack like morphologies as the 
cavities grow. The time evolution of the filling ratio is explained by a simple model 
considering isolated cavities as well as linked cavities. The model predictions are in 
good agreement with the measurements.  
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1. Introduction 
   Creep damage in steels occurs during long-term use at high temperatures and 
arises from the nucleation, growth and coalescence of grain-boundary cavities, which 
ultimately leads to catastrophic failure of the entire structure [1-2]. To date, most 
strategies [3-6] have aimed to tune the composition and microstructures of 
creep-resistant steels in such a way that the formation of creep damage is postponed, 
if not avoided. In the last two decades an alternative strategy has been explored to 
extend the lifetime of materials and structures via their ability to self-heal the early 
damage by the material themselves [7]. By now, this approach has been demonstrated 
to significantly enhance the component lifetime for a wide range of materials, 
including polymers, concrete, composite materials, aluminum alloys and steels [8-10].  
   Restricting the development of self healing materials to that of self healing metals, 
Laha and coworkers [11-13] observed a significant increase in creep lifetime in Cu 
and B enriched austenitic stainless steels, which was attributed to the healing of creep 
damage due to dynamic precipitation of either Cu or BN at the creep cavity surface. 
However, in more recent studies [14-15] on Fe-Cu and Fe-Cu-B-N model alloys, it 
was found that Cu precipitates do not only form in the grain boundaries, but to a 
larger extent also throughout the matrix. In order to enhance the defect-induced 
precipitation, while suppressing the undesired precipitation in the matrix at the same 
time, a high nucleation energy barrier for precipitation in the matrix and a strong 
driving force for segregation to cavity surface is required. Previous studies [16-17] 
showed that Au atoms in Fe-Au alloys have a strong preference to segregate and 
combine with Fe atoms to form Au-rich precipitates. This makes Au an excellent 
healing agent for the creep damage in ferrous alloys. Fe-Au alloys are therefore an 
ideal model system to study the self healing of creep damage. A detailed 
understanding will provide essential input to design future self-healing creep resistant 
steels. Extensive research [18-19] has been carried out subsequently to investigate the 
autonomous repair mechanism of the Fe-Au alloys during creep. Scanning electron 
microscopy (SEM) and X-ray photoelectron spectroscopy (XPS) observations 
confirmed the strong tendency of Au atoms to segregate on a free surface. 
Transmission electron microscopy (TEM) and small-angle neutron scattering (SANS) 
identified that the gold precipitation was induced and accelerated by the defects in the 
Fe-Au alloys. Electron probe micro-analysis (EPMA) and atom probe tomography 
(APT) quantified the local chemical compositions and thus indicated the diffusion 
pathways of Au atoms. However, all these measurements were limited to 
characterization of two-dimensional (2D) cross sections or a small three-dimensional 
(3D) region with a length size of several nanometers. In order to build a more 
comprehensive understanding of the repair mechanism of creep damage in Fe-Au 
alloys, the 3D microstructure needs to be resolved and studied at both nanometer and 
micrometer length scales.  
   Synchrotron X-ray tomography has developed into a powerful 3D imaging 
technique for non-invasive characterization of materials [20,21]. The high penetration 
power, high spatial resolution, as well as the multiple–contrast mechanisms make it an 
appealing method for the study of internal structures in metals. It has been employed 
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for investigating the size and shape of phases in metals such as aluminum alloys 
[22-24] and steels [25-26].  
   In the present study, synchrotron X-ray holotomography with a voxel size down to 
25 nm was successfully employed to resolve the 3D structure of un-healed and healed 
creep damage in an Fe-Au (1 at.% Au) alloy. We determined and analyzed the size, 
shape and spatial distribution of the cavities and precipitates in creep-failed samples 
submitted to creep at various constant loads and a fixed temperature of 550 oC. From 
this we derived a model for the creep cavity filling and obtained a better insight in the 
mechanisms responsible for the formation and healing of creep cavities.  
2. Materials and methods 
2.1 Sample preparation and creep tests 
   The chemical composition of the Fe-Au alloy studied is listed in Table 1. The 
rolled sheet material was produced by Goodfellow. Miniature tensile test samples with 
a conventional dog-bone shape (a gauge length of 12.5 mm, a width of 6 mm and a 
thickness of 0.5 mm) were machined by spark erosion. These samples were then 
annealed at 868 oC for 5 h in an evacuated and sealed quartz tube filled with 200 mbar 
ultra-high purity argon and quenched in water. Subsequently, creep tests were carried 
out in vacuum on the as-quenched samples at a temperature of 550 oC and constant 
loads corresponding to initial stress levels of 60, 80, 100 and 117 MPa [18-19]. 
Bar-shaped samples with a square cross section of 200×200 μm2 and a length of 
around 6 mm were cut by spark erosion from the uniform gauge section of the 
creep-failed samples for tomography experiments. The long axis of the bar-shaped 
samples was aligned with the stress axis in the creep experiments. The sample was 
taken such that the region to be characterized was between 2 and 4 mm away from the 
fracture surface. In addition to the X-ray tomography, the 2D microstructure of the 
samples was analyzed by a scanning electron microscope (JEOL JSM 6500F) 
equipped with an Autrata back-scattered electron detector. A detailed 
2D characterization of the microstructure of these samples by electron microscopy 
and atom-probe tomography has been reported previously [18-19]. 
 
Table 1  
The chemical composition of the Fe-Au alloy sample (wt.%). 

Au B N C Ce Fe 
2.87 < 0.01 0.0085 0.0008 0.015 balanced 

 
2.2 Synchrotron X-ray nano-tomography 
   For the morphological study of both the nano and micro-scale structures in the 
Fe-Au alloys, synchrotron hard X-ray tomography based on phase contrast with high 
spatial resolution was adopted. Holotomography measurements of the samples were 
conducted at the ID16A-NI nano-imaging beamline of the European Synchrotron 
Radiation Facility (ESRF) in Grenoble, France [27]. This new beamline offers a 
unique combination of nanofocus (≈ 20nm) and a very high photon flux (up to 
1012 photons/s at ΔE/E ≈ 1%). Two pairs of multilayer coated Kirkpatrick-Baez (KB) 
optics are used to focus the X-rays at 17 and 33.6 keV, respectively. The higher energy 



of 3
sam
ener
larg
25 n
   
dom
whi
diffr
sam
proc
   
the 
and 
char
tom
a re
Tom
one 
pha
tom
met
visu
 

Fig.
In t
resp
 
   
as: 
(iii)
stud
affe
prec
high
diffe

33.6 keV w
mples. Besid

rgy, the ma
ge field of v
nm.  
Due to the 

minated by p
ich is determ
fraction patt

mple can be 
cedure [28] 
As shown i
tomograph
magnified 

rged-couple
mography sc
esolution o
mographies 

holotomog
se maps re

mographic re
thod (ESRF
ualized and 

. 1. Schema
the 3D ren
pectively, w

The phases
(i) the Fe-A

) Au-rich pr
dy, only the 
ect the self
cipitates at 
her than tha
ference betw

was chosen i
des the bene
agnifying ge
view (FOV)

free space 
phase contr
mined by th
terns at diff
retrieved v
implement

in Fig. 1, th
y setup. Du
radiograph

ed device 
an, 1500 pr
f 100 nm 
at four diff

graphy scan
etrieved fro
econstructio

F PyHST so
rendered w

atic diagram
ndering the

while the iron

s present in 
Au alloy m
recipitates (
creep cavit

f-healing of
the creep 

at of Fe and 
ween an emp

in this expe
efits of the 
eometry of 

with 100 n

propagation
rast, related 
he electron d
ferent effect
via holograp
ted using GN
he bar-shap
uring the sc
hs were rec
(CCD) wit
rojections w
and 1.25 s
ferent focus
, which wer

om the angu
on based o
oftware pack

with 3D visu

m of the syn
precipitate

n matrix is i

the creep-fa
matrix (with

containing 
ties and gold
f creep dam
cavity surf
that of vacu

pty cavity a

Page 4 

eriment to o
ability to p
the cone be

nm voxel siz

n of the X-r
d to the real
density of th
tive propaga
phic recons
NU Octave 
ed sample w
can, it was 
corded onto
th a 2048×
were acquire
s for the h
s-to-sample
re subseque
ular projec

on the filter
kage) [29].

ualization so

nchrotron X-
es and cav
in transpare

failed sampl
h a bcc stru
80 at.% Au
d precipitat
mage by si
face. Since 
uum is muc

and an Au-ri

optimize the
perform nan
eam also al
ze, and a fin

ray beam th
part of the

he material.
ation distan
struction, th

software. 
was mounte
placed dow

o an X-ray 
×2048 binn
ed with an e
higher resol
e distances w
ently used f
ctions were 
red back pr

The recon
oftware Aviz

-ray holotom
vities are la
ent light gre

es have pre
ucture), (ii) 
u and 20 at.
es are of int
ite-selective
the electro

ch smaller t
ich precipita

e transmissi
no-tomograp
lows the sw
ner FOV at

he contrast i
 complex re
. By measur

nces, the pha
e so called 

ed on the ro
wnstream o
detector us

ned pixels 
exposure tim
lutions of 2
were acquir
for phase re

then used 
rojection (F
structed 3D
zo 8.1 (FEI)

mography im
abelled in 
ey. 

eviously bee
empty cre

.% Fe) [19]
terest becau
e precipitat
on density o
han that of 
ate is very l

ion through
phy with a 
witch betwe
t a voxel siz

in the imag
refractive in
ring the Fre
ase maps of

d phase retri

otation stag
of the KB f
sing a FRe
array. For 

me of 1.00 
25 and 50 
red to comp
etrieval. The

as input f
FBP) algor

D volumes w
). 

imaging pro
green and 

en character
eep cavities 
]. In the pre
use they dire
tion of Au-
of Au is m
Fe, the con

large. Henc

h the 
high 

een a 
ze of 

es is 
ndex, 
esnel 
f the 
ieval 

ge of 
focus 
LoN 
one 

s for 
nm. 

plete 
e 2D 
for a 
ithm 
were 

 
ocess. 

red, 

rized 
and 

esent 
ectly 
-rich 

much 
ntrast 
e we 



Page 5 

can clearly recognize the Au-rich precipitates as dark features and creep cavities as 
bright features. Both the precipitates and the creep cavities can be segmented by 
applying a threshold value for the local density variations (grey scale) in the 3D image. 
It should be noted that the quality of the segmentation strongly depends on the 
threshold value. The value was extensively tested to achieve an optimal contrast for 
the precipitates and the creep cavities. The segmentation provided binary images of 
the precipitate and the creep cavities for further analysis. In order to study the filling 
mechanism of the creep cavities in more detail we not only identified cavities and 
gold precipitates, but also determined the degree of pore filling by examining the 
co-location of pores and precipitates. 
2.3 Data analysis 
   A quantitative analysis of both the creep cavities and the Au-rich precipitates, 
identified in the binary images, was performed using a MATLAB program with the 
DIPimage toolbox [30]. The shape of the objects can be characterized by several 
parameters. The shape complexity d (where d is the dimensionality of the object) is a 
dimensionless parameter in which the surface area of the object A is normalized by 
the surface area of a sphere with the same volume as the object V [31]. This parameter 
quantifies the irregularity of the shape. For three-dimensional objects (d = 3), the 
complexity corresponds to: 

3 1/3 2/3(6 )

A

V
               (1) 

The value of the shape complexity varies between 3 = 1 for a sphere and 3   for 
objects with a finite area A and a negligible volume (V  0). The reciprocal value of 
the three-dimensional shape complexity is also known as the sphericity Ψ =1/3 

(where 0 Ψ  1) [32].  
   An additional shape characterization is obtained by approximating the shape of 
the object by an equivalent ellipsoid with the same moment of inertia as the real 
object [33]. Assuming the composition of the particle to be uniform, the semi-axes of 
the ellipsoid aj can be determined from the eigenvalues of Ij of the moment of inertia 
tensor I: 

  5 2
, 1, 2, 3

2
j

j

Tr I
a j

V


 

I
                         (2) 

where Tr (I) = I11 + I22 + I33 is the sum of the elements along the main diagonal of the 
moment of inertia tensor I. The corresponding eigenvectors Bj representing the spatial 

orientation of the semi-axes can be calculated by solving ( )j ja I 1 B 0 , where 1 is 

the unit matrix. In the present work the major, intermediate and minor semi-axes (aj) 
are expressed as a, b and c, respectively. Using these parameters the elongation E and 
flatness F are defined as [34]: 

2a
E

b c



                                     (3) 
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b
F

c
                                               (4)          

For a sphere all axes are equal (a = b = c), resulting in an elongation of E = 1 and a 
flatness of F = 1. For a rod-shaped ellipsoid of revolution (b = c) with one long axis (a) 
one finds E = a/c and F = 1, while for a sheet-shaped ellipsoid of revolution (a = b) 
with one short axis (c) one finds E = 2a/(a + c) and F = a/c (and thus E = 2F/(F+1)).  

It is found that the combination of the complexity 3, the elongation E and the 
flatness F provides an unambiguous quantitative approach to monitor the morphologic 
evolution of both the creep cavities and the precipitates. Based on these three 
combined descriptors the shape of both the cavities and the precipitates are classified 
as: (1) spheres, (2) equiaxed shapes, (3) rods, (4) sheets and (5) complex objects.  
   In order to determine the filling ratio of the creep cavities (i.e. the volume of 
connected Au precipitation over the volume of the original creep cavity) it is 
necessary to check for each open cavity how many precipitates are in direct contact 
with it and to determine the location of outer boundary of the pore-precipitate 
ensemble with the Fe-rich matrix. This was performed by dilating the particles by a 
predefined number of pixels in orthogonal directions and identifying the intersection. 
In this way, for each cavity the filling ratio (FR) by precipitation can be calculated:  

    precipitate

cavity precipitate

V
FR

V V



                                          (5) 

where Vprecipitate is the total volume of precipitates in contact with the cavity and Vcavity 
is the volume of the open cavity. 
3. Results 
3.1 Creep behavior and electron microscopy 
  The strain-time curves of the Fe-Au samples under different loads are shown in 
Fig. 2a and the derived stress dependent steady-state strain rate and rupture time are 
given in Fig. 2b and Fig. 2c, respectively [18-19]. All creep curves show the usual 
rapid strain increase in the initial stage (stage I) followed by a stage with an 
approximately constant strain rate (stage II) before the strain accelerated in the failure 
regime (stage III). The creep failure strain is about 0.10 for all samples. The creep 

lifetime is mainly controlled by the steady-state strain rate SS  in the secondary stage. 

It is found that SS  depends on the applied stress and fulfills a Sherby-Dorn 

relationship [35] with 1.64 SS  in the low stress region (≤ 100 MPa), while at a 

higher stress the stress exponent increases. This low stress exponent suggests the 
creep deformation is controlled by the combination of diffusion and dislocation 
motion [36]. The stress exponent for the lifetime is derived to be about -2 and 
becomes more negative at the highest stress. The change in the stress exponent of 
both the steady-state strain rate and the lifetime for a stress above 100 MPa suggests 
that there is a different creep mechanism at higher stresses. 
   Fig. 3 shows back-scattered SEM images of 2D cross-sections for the Fe-Au alloy 
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samples after creep at a temperature of 550 oC and a stress of 100 and 117 MPa, 
respectively. White features are gold precipitates and black features are creep cavities. 
It can be seen in Fig. 3a and 3b that the gold precipitates are formed inside the 
grain-boundary cavities and have an irregular shape that matches the morphology of 
the creep cavities. Fully filled cavities are observed along inclined grain boundaries, 
as shown in Fig. 3a. Partially filled cavities along grain boundaries that are oriented 
perpendicular to the applied stress are found in both Fig. 3a and 3b. Fig. 3b also 
shows an unfilled cavity at a grain-boundary junction. Gold depletion zones are 
indicated by darker regions in Fig. 3 and form close to the grain boundaries where 
gold precipitates have formed. More details of the 2D characterization of the 
microstructure can be found in [18-19]. As these observations are limited to 
2D images it is difficult to establish how the cavity is filled by gold precipitation. 
 

 
Fig. 2. (a) Creep curves of the Fe-Au samples creep loaded at 550 oC and 60, 80, 100 
and 117 MPa and the derived stress dependence of (b) the steady-state strain rate and 
(c) the rupture time [18-19]. 
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determined by tomography are based on their elongation (E), flatness (F) and 
complexity values (3) classified in 5 categories: (a) spherical, (b) equiaxed, (c) rods, 
(d) sheets and (e) complex shapes. The criteria for the classifications are listed in 
Table 2. In Fig. 7 examples are shown for the classified cavity and precipitate shapes 
(with their particle volume). 
 
Table 2  
Classifications of different shapes based on the Elongation (E), Flatness (F) and 
Complexity (3) of the objects. 

 E F 3 

Sphere - - 3 ≤ 1.15 
Equiaxed < 5 < 5 1.15 < 3 < 2.5 

Rod ≥ 5 < 5 1.15 < 3 < 2.5 

Sheet - ≥ 5 1.15 < 3 < 2.5 

Complex - - 3 ≥ 2.5 
 
   Fig. 8a and 8b respectively show the flatness versus the elongation and the 
complexity as a function of the volume for over 8000 individual precipitates in the 
sample loaded at 80 MPa. In Fig. 8a the spherical particles occupy the left bottom 
corner, as they are characterized by F ≈ E ≈ 1. Next are the equiaxed particles which 
show slightly higher, yet comparable values of E and F. The rod-like particles are 
more elongated, while the sheet particles are more flattened. Therefore, the rod-like 
particles are located in the right bottom region while the sheet-like particles are 
located in the top region in Fig. 8a. The complex particles are distinguished by their 
complexity (3) and as can be seen in Fig. 8a they may have a more randomly 
relationship between E and F. In Fig. 8b the spherical particles with the lowest 3 
have small volumes, the complex ones have large volumes, while the equiaxed, rod 
and sheet types fall in between. For the precipitate population of other samples, a 
similar behavior was observed. This demonstrates that the proposed classification is a 
reliable way to identify different types of particles. 
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Fig. 8. (a) Flatness F as a function of the elongation E and (b) the complexity as a 
function of the particle volume for 8139 precipitates identified from the probed 
volume of the Fe-Au alloy after creep at 550 oC and 80 MPa. 
 
3.4 Size distribution 
   Fig. 9a and 9b show the number distribution DN versus the equivalent diameter for 
the cavities and the precipitates, respectively. The corresponding volume distributions 
DV are shown in Fig. 9c and 9d. The equivalent particle diameter (EqDiameter) d is 
the diameter of a sphere with the same volume as the particle. As shown in Fig. 9a 
and 9b, the number distribution of the cavities and precipitates can be fitted to a 
log-normal distribution: 

 
 2

0
2

ln( ) ln( )
( ) exp

22
N

d dN
D d

wdw 

   
 
 

                        (6) 

where N0 is the number density, d  the mean value and w the relative distribution 

width of the equivalent diameter. The fitted values are listed in Table 3. 
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Fig. 9. Number distribution DN of (a) cavities and (b) precipitates and the volume 
distribution DV of (c) cavities and (d) precipitates as a function of the equivalent 
diameter d for the Fe-Au alloy after creep at 550 oC. The scatter data points are 
statistics of the tomographic result with a voxel size of 100 nm per voxel and the solid 
curves are the log-normal fittings. 
 
Table 3 

Fitted parameters N0, d  and w for the log-normal size distribution of cavities and 

precipitates after creep at an applied stress of σ = 60, 80, 100 and 117 MPa. In 
between brackets is the error in the last digit. The volume fraction fV is obtained 
directly from the 3D tomographic volumes. 

Phase Σ (MPa) N0 (μm-3) d (μm) w fV (%) 
 

Cavities 
60 7.0(5)×10-5 1.5(1) 0.92(8) 0.64 
80 7.6(3)×10-5 1.50(6) 0.80(3) 0.76 
100 1.94(6)×10-4 0.86(2) 0.57(2) 0.24 
117 9.2(5)×10-5 0.85(4) 0.62(4) 0.11 

 
Precipitates 

 

60 1.7(1)×10-4 0.76(4) 0.60(5) 0.098 
80 1.3(1)×10-3 0.63(4) 0.54(6) 0.24 
100 9.3(6)×10-4 0.67(3) 0.55(4) 0.35 
117 1.11(7)×10-3 0.63(3) 0.50(4) 0.14 

 

The fits indicate that the average diameter d  of the cavities is about 1.50 μm 
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for the samples loaded at 60 and 80 MPa and about 0.85 μm for the samples loaded at 
100 and 117 MPa. The width of the cavity size distribution increases with decreasing 
applied stress, as indicated by the w value reported in Table 3. As the average growth 
time is increased with increasing lifetime (i.e. decreasing applied stress), the 
coalescence of cavities is more enhanced at low stresses. The coarsening of the 
cavities in the later creep stages could occur by merging small cavities, which leads to 
both a decrease of the cavity number and an increase of the cavity size. In Table 3 it is 
indicated that the number density of cavities in the samples loaded at 60 and 80 MPa 

is smaller than at 100 and 117 MPa. For precipitates both d  and w remain nearly 

constant, except for the sample loaded at 60 MPa, which has a slightly larger ݀̅ value. 
This is mainly attributed to the fact that there are much fewer spherical precipitates in 
the sample loaded at 60 MPa compared to the other samples. As there are more 
coalesced cavities in the sample loaded at 60 MPa, the precipitates grow continuously 
at the large cavity surface with less chance to nucleate at small cavities, which leads 

to much less spherical precipitates and a greater value of d . 

   The volume distributions DV of both cavities and precipitates show two different 
regions with a cross-over around d ≈ 4 μm, as shown in Fig. 9c and 9d. This value is 
similar to the average spacing between cavities derived from Fig.5. When d < 4 μm, 
the cavities and precipitates show a peak in DV around 2.2 and 1.5 μm, respectively. In 
contrast, when d > 4 μm, the particles are more likely to have coalesced to form large 
volume objects, resulting in a continuous increase in DV. 
3.5 Filling ratio of the creep cavities 
   Fig. 10 shows the degree of filling for each creep cavity as a function of their 
volume for the four different applied stress levels. The obtained filling ratios (defined 
in Eq. 5) are presented with a subdivision into the identified shape types. Unfilled 
cavities correspond to FR = 0, completely filled cavities to FR = 1 and partially filled 
cavities to 0 < FR < 1. The resolution limit for the volume in the determination of the 
filling ratio corresponds to 5 times the resolution (Vmin = (5×0.1μm)3 = 0.125 μm3). 
Therefore, for all cavities or precipitates smaller than 0.1 μm3 the filling ratio can only 
be 0 or 1. 
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Fig. 10. Filling ratio of individual creep cavities as a function of the cavity volume in 
the Fe-Au alloy after creep at a temperature of 550 oC and a load of 60, 80, 100 and 
117 MPa classified into: (a) spherical cavities, (b) equiaxed cavities, (c) rod-like 
shaped cavities, (d) sheet-shaped cavities and (e) complex cavities. The cavities were 
identified from the data obtained for a voxel size of 100 nm. 
 
   Fig. 10a shows that the spherical cavities (n = 1474) span the volume range of 10-3 
to 100 µm3, while the spherical precipitates (n = 9690) span the volume range 10-3 to 
10 µm3. This suggests that cavities form prior to the precipitates, which supports the 
viewpoint that the precipitates are induced by the cavities. Somewhat surprisingly, no 
partially filled spherical cavities were observed. In the case of equiaxed cavities (n = 
591) and precipitates (n = 1779), the largest volume of such an (unfilled) cavity was 
3000 µm3, while that of the largest fully filled precipitate was 800 µm3. Again, the 
largest cavity volume well exceeded the largest precipitate volume. Unlike the case of 
the well-defined spherical particles, in the case of equiaxed particles partial filling 
was frequently observed (n = 249) over the volume range of 0.1 to 100 µm3. Partial 
filing was particularly obvious for the sample tested at the highest load level. Low 
level partial filling of the largest cavities was manifest for the sample loaded at a 
stress of 80 MPa. 
  In the case of rod-like cavities (n = 26) and precipitates (n = 336) (Fig. 10c), the 
maximum size of the cavities and that of the precipitates are about equal. Furthermore, 
the fraction of partially filled (large) cavities is very low. This suggests that rod like 
cavities remain empty for a relatively long time, but once the deposition process has 
been triggered the filling of the cavities proceeds rather quickly. A similar conclusion 
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value for rod like structures. This situation is comparable to that of Fig. 12b, in which 
the linkage of neighbouring cavities results in a big open cavity, but a low value of FR. 
In contrast, when the precipitation is induced soon after the nucleation of the cavity 
the cavity filling by the precipitate can accommodate the growth of the cavity leading 
to the high FR values found for the cavities shown in Fig. 12d-f. Fig. 12c shows that a 
rod-like cavity is nearly half filled (FR = 0.47) by the precipitate from one side. It is 
interesting to note in Fig. 12f that the open cavity has been fully encapsulated. This 
further demonstrates that the precipitate is filling the cavity rather than inducing the 
formation of the cavity. 
4. Discussion 
4.1 Growth modes of the creep cavities 
   The development of a creep cavity consists of nucleation, growth and coalescence 
processes. As these processes can happen simultaneously over the whole creep 
lifetime, it is difficult to analyze each process separately. However, combining an 
analysis of the locations and the different types of cavities can provide an insight into 
the cavity evolution.  
   As the resolution limit (≈ 3 times the voxel size, i.e. 75 nm) is close to the 
predicted size of the critical nucleus of about 50 nm [37], the cavities with a size 
d < 1 μm illustrate the early growth stage and preferred nucleation sites of the cavities. 
The location of the creep cavities shown in the 3D tomographic renderings indicates 
that grain boundaries are the preferred positions for the nucleation of cavities. A 
cavity may nucleate on a transverse grain boundary by the accumulation of the 
vacancies, while a cavity at an inclined grain boundary or triple point (partially) may 
be the result of grain boundary sliding (GBS). Once a cavity has nucleated on the 
grain boundary, the subsequent growth involves the vacancies diffusion along the 
cavity surface (surface diffusion), followed by diffusion along the grain boundary 
(grain-boundary diffusion), which finally causes the grain displacement leading to 
matrix creep [38]. When the surface diffusion is rapid enough, the cavity is able to 
maintain its quasi-equilibrium shape, as shown in Fig. 13a. Normally this 
quasi-equilibrium shape is lens-shaped with an angle of ψ ≈ 75o between the tangent 
to the cavity surface and the plane of the grain boundary. However, when the surface 
diffusion is not much faster than the grain-boundary diffusion, the cavity cannot attain 
the equilibrium shape and develops into a crack-like cavity [39]. A cavity located at 
an inclined grain boundary may be distorted and elongated due to GBS [40], as shown 
in Fig. 13b. In conclusion, the tomography data suggest that both the grain-boundary 
diffusion and GBS play a role in the cavity growth in the Fe-Au alloy samples. 
   Different growth mechanisms of creep cavities have been analyzed extensively 
inprevious studies [37-45]. Several parameters have been proposed to define the 
growth mode. The evolution of cavity shape depends on the diffusivity ratio Δ [39] 
defined as: 

       s s

GB GB

D

D




                                             (7) 

where Ds and DGB are the surface diffusivity and grain boundary diffusivity, 



Page 20 

respectively. The diffusivity corresponds to D = D0exp(-Q/RT) with a constant 
pre-factor D0, an activation energy Q, the gas constant R and the absolute temperature 
T. The variables δs and δGB are the surface and grain-boundary diffusion thickness, 
respectively. The surface diffusion layer thickness is estimated by δs = Ω1/3, where Ω 
is the volume per atom [39]. The grain boundary diffusion layer thickness is assumed 
to be two atomic layers (δGB ≈ 2δs ≈ 5×10-10 m) [46]. In the present work, a value for 
Δ of 1.3 was estimated based on the values reported in the literature [38]. This 
suggests the surface diffusion is comparable to the grain boundary diffusion. 
According to [39], the cavity growth takes place maintaining a quasi-equilibrium 
shape as long as  

     1.9 1 1.3s

r r

       
  

                                  (8) 

and transfers into a crack-like shape when  

   3.5 1 1.2s

r r

       
  

                                    (9) 

where σ is the applied stress, γs the interfacial energy, r the cavity radius and λ the 
cavity spacing (center-to-center distance between the cavities). Assuming γs = 
1.95 J/m2, Δ = 1.3 and λ = 4 μm, the cavity can attain the equilibrium shape when the 
cavity radius r is less than 0.68, 0.58, 0.52 and 0.48 μm at σ = 60, 80, 100 and 
117 MPa, respectively. The cavity would develop into crack-like shape when r is 
larger than 0.90, 0.77, 0.69 and 0.63 μm at σ = 60, 80, 100 and 117 MPa, respectively. 
It is estimated that the shape of the cavity shows a transition when 0.48 < r < 0.90 μm 
from the equilibrium shape to the crack-like shape as the cavity growth proceeds. This 
is reflected in the examples of Fig. 13. 
   To address the influence of the creep flow on the diffusive cavity growth, 
Needleman and Rice proposed to estimate the diffusion length Λ [38] from: 

    
1/3

GB GBD

kT

 

    

 
                                         (10) 

where   the strain rate, k Boltzmann’s constant and T the absolute temperature. The 
diffusion length is calculated to be Λ = 2.60, 2.41, 2.36 and 1.65 μm for σ = 60, 80, 
100 and 117 MPa, respectively. The value of Λ is comparable to half of the average 
cavity spacing λ and slightly increases with decreasing applied stress. This indicates 
that both diffusion and creep flow control the cavity growth. As the vacancies diffuse 
from the cavity surface to the tip and then along the grain boundary, matrix creep flow 
is allowed to occur, resulting in a deformation of the grains. This accommodates and 
favors the cavity growth by transporting vacancies over shorter distances. Therefore, 
it is suggested that the growth of the creep cavities in this Fe-Au alloy occurs in a 
coupled diffusion and creep-flow mode. The numerical description of this sort of 
creep behavior has been presented by Chen and Argon [47]. 
   In Fig. 14 the relationship between the average volume of the creep cavities and 
precipitates is shown for two shape groups as a function of the rupture time. The 
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4.2 Filling mechanism of the creep cavities 
   Previous studies [16-19] have shown that the gold precipitates can only form at 
defect sites due to the high energy barrier for their nucleation in the matrix. It is found 
that the Au atoms first segregate on the cavity surface and then form Au-rich 
precipitates (with about 20 at.% Fe at T = 550 oC). These observations are further 
clarified by the present tomography measurements that show a close correlation 
between the size, shape and spatial distribution of the cavities and precipitates. 
Furthermore, the degree of filling of each cavity has been deduced by this 3D 
nano-imaging technique, which allows a more detailed evaluation of the pore filling 
behavior. 
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Fig. 14. Average volume of the precipitates and cavities grouped into (a) spherical and 
equiaxed shaped and (b) rod, sheet and complex shaped particles as a function of the 
rupture time. 
 
Table 4 
The derived parameters from a fit of the average volume V versus the rupture time t to 
a power law dependence of the form V = k tn for the creep cavities and precipitates 
subdivided into two different shape groups. For cavities the pre-factor k is assumed to 
be proportional to the applied stress. Listed is the value at a reference stress of σ  = 
100 MPa. For the precipitates the pre-factor k is independent of stress. In between 
brackets is the error in the last digit. 

 Cavities Precipitates 
Shape k (100 MPa) (μm3h-0.8)   n k (μm3h-0.8) n 

Sphere + Equiaxed 0.033(6) 0.8 0.0036(5) 0.8 
Rod+Sheet+Complex 0.05(1) 1.3 0.04(1) 0.8 
 



Page 23 

   Essentially the self-healing kinetics is controlled by the relative rates of the 
damage (creep cavity) formation and healing (gold precipitation). Depending on the 
local conditions, the gold precipitation is triggered by the nucleation of creep cavities 
and becomes active when the cavities reach a characteristic size V0. It is found in 
Fig. 10 that V0 can vary between 0.1 and 100 μm3. In order to evaluate the 
self-healing kinetics for a single cavity, we propose two different cases: (i) the cavity 
growth associated with the filling by the precipitates takes place without linkage with 
other cavities (coalescence); (ii) the growing cavity links with other cavities after it 
reaches a specific size V1.  
   For the first case, it is assumed that the filling starts for a cavity volume V0. After 
that, the cavity volume Vcav (including the filled and unfilled part) follows a power 
law with a constant time exponent m. Simultaneously, the gold atoms diffuse to the 
cavity surface and form a gold precipitate with a volume Vprec that follows a power 
law with a constant time exponent n: 

     0
m

cav cavV V k t                                              (11) 

     n
prec precV k t                                                (12) 

where kcav and kprec quantify the combined effects of stress and local conditions 
(e.g. the grain size and local grain-boundary orientation) on the growth of the creep 
cavity and precipitate, respectively. By taking the ratio of their volumes, the filling 
ratio FR is obtained: 

     0

n

m
prec prec cav

cav cav cav

V k V V
FR

V V k

 
   

 
                                 (13) 

Without linkage the time exponents m and n are expected to be equal as they are both 
diffusion controlled. This is in agreement with the parallel slopes for the time 
evolution of the average volume for spherical and equiaxed shaped objects, as shown 
in Fig. 14a and supported by previous studies [19,48-49]. Therefore, Eq. 13 can be 
simplified to: 

     01prec

cav cav

k V
FR

k V

 
  

 
                                         (14) 

where the filling ratio is purely controlled by the ratio kprec/kcav and the characteristic 
volume V0. For kprec > kcav complete filling (FR = 1) is achieved for Vcav = 
V0[kprec/(kprec - kcav)] at t = [V0/(kprec - kcav)]

1/m. 
   However, if the cavity links with other cavities then the self-healing kinetics 
would change. The cavity volume Vcav can in this case be described by an increase in 
the growth exponent of the cavity to m+Δm > m after a critical time tlink when linkage 
starts to take place (or equivalently, beyond a critical volume Vcav > V1 for t > tlink). For 
t > tlink the cavity volume then corresponds to: 

       1 , 1( )
m m

cav cav link link cavV V k t t V V
                         (15) 

      n
prec precV k t                                               (16) 
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with V1 = V0 + kcav tlink
m. The filling ratio after linkage can now be formulated as:  
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1 0 1
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m mm
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      (17) 

Before linkage, FR is still described by Eq. 14. For t > tlink the value of FR will 
decrease with time as the exponent for the cavity growth has increased (Δm > 0).  
   In Fig. 15 the evolution of the filling ratio is calculated for several cases with and 
without linkage. It can be seen that the two different routes for the evolution of the 
filling ratio shown in Fig. 10 are in good agreement with the model predictions in the 
absence and presence of linkage for creep cavities. It is clarified that FR can 
continuously increase with increasing cavity volume until the cavity is fully filled 
when there is no linkage. As the initial cavity volume required to induce precipitation 
V0 varies, the cases without linkage form a band and cover a wide range of cavity 
volumes from 0.1 to 100 μm3. However, the filling ratio decreases sharply when a 
linkage of creep cavities starts to occur. This hypothesis is supported by the data in 
Fig. 15b where the filling ratios for most of the spherical and equiaxed shaped cavities 
are located in the predicted filling ratio regimes assuming no pore linkage. In contrast, 
half of the cavities with rod, sheet and complex shapes, for which a coalescence of 
cavities is expected, are located in the region of a decreasing filling ratio. The 
remaining partially filled cavities are yet in the increasing region because they are 
nearly fully filled before the linkage takes place. From the present work we estimate a 
critical linkage volume of V1 ≈ 200 μm3 at which point the filling ratio of the linked 
cavities starts to decrease. The observed behavior for the filling ratio of individual 
creep cavities is in good agreement with the predictions of this simple model. 
 

 

Fig. 15. The comparison between the predictions of the filling model for the cavities 
without (red curves) and with linkage (blue curves) and the observed filling ratios of 
all cavities present in the samples after creep at different loads. (a) Cavities were 
grouped according to different loads. (b) Cavities were grouped into two shape 
categories (spherical and equiaxed shaped cavities; rod, sheet and complex shaped 
cavities). The solid red curves based on a non-linkage model are displayed for model 
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parameters n = m = 0.8, kprec/kcav = 1.1 and V0 = 1, 10 and 100 μm3. The solid blue 
curves are displayed for the linkage model using the following parameter values n = 
m = 0.8, m+Δm = 1.3, kprec/kcav = 1.1, V1 = 200 μm3 and V0 = 120, 140, 160 and 180 
μm3 (with kcav,link/kcav = 0.01, 0.1, 1, and 10 h-0.5, respectively). Note that in the grey 
shaded region it is experimentally not possible to determine partial filling.  
 
5. Conclusions 
  Synchrotron X-ray phase nano-tomography experiments were carried out 
successfully on creep-failed Fe-Au alloy samples after creep at 550 oC for several 
constant loads. 3D images of the microstructure of the Fe-Au alloy samples at 
nanometer length scale were obtained and analyzed. Different stages in the filling 
process of individual creep cavities by gold precipitation were identified to 
characterize the self-healing mechanism in creep-resistant steels. The following 
conclusions can be drawn from this study: 
1) The creep cavities are predominately formed at stress-affected grain boundaries. 

The precipitates nucleate exclusively on grain faces and preferentially on the free 
cavity surface formed on these grain faces.  

2) By classifying the precipitates and cavities into spherical, equiaxed, rod, sheet and 
complex shaped objects, it is possible to clarify their nucleation, growth and 
coalescence in a qualitative way. The spheres denote the smallest volume objects 
and reveal the nucleation sites. The equiaxed objects mainly reflect the early 
growth stage before coalescence, while the rod, sheet and complex objects are 
considered to be formed in the later growth stage and potentially influenced by 
coalescence.  

3) The quantitative analysis of the size, shape and spatial distribution for the creep 
cavities and the precipitates demonstrates strong correlation between the 
morphology of the cavities and precipitates. It is demonstrated that the gold 
precipitates form preferentially at cavity surfaces and act as healing agents rather 
than cavitation sites for creep cavities. The self-healing character of added Au in 
Fe-based alloys is fully supported by this study. 

4) The creep cavities develop in a coupled diffusion (both surface diffusion and grain 
boundary diffusion) and creep flow mode. It is derived that the shape of the cavity 
shows a transition from the quasi-equilibrium shape to the crack-like shape for a 
cavity radius in the range of 0.48 < r < 0.90 μm as the cavity proceeds to grow. 
Elongated cavities at inclined grain boundaries are probably generated by 
grain-boundary sliding. 

5) Two different time evolutions for the filling ratio of individual creep cavities are 
observed from the tomography results. This observation can be explained by a 
simple model considering the absence and presence of linkage for neighboring 
creep cavities. The filling ratio increases continuously for increasing cavity 
volumes until complete filling is achieved when there is no linkage of cavities. In 
contrast, the filling ratio decreases sharply once linkage between creep cavities 
becomes the main microstructural evolution mode. 
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