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Autonomous filling of creep cavities in Fe-Au alloys studied by synchrotron
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ABSTRACT

The autonomous filling of creep-loading induced grain-boundary cavities by gold-rich
precipitates at a temperature of 550 °C 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 °C. 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 °C 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 °C 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 200x200 um” 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
10'* photons/s at AE/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
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of 33.6 keV was chosen in this experiment to optimize the transmission through the
samples. Besides the benefits of the ability to perform nano-tomography with a high
energy, the magnifying geometry of the cone beam also allows the switch between a
large field of view (FOV) with 100 nm voxel size, and a finer FOV at a voxel size of
25 nm.

Due to the free space propagation of the X-ray beam the contrast in the images is
dominated by phase contrast, related to the real part of the complex refractive index,
which is determined by the electron density of the material. By measuring the Fresnel
diffraction patterns at different effective propagation distances, the phase maps of the
sample can be retrieved via holographic reconstruction, the so called phase retrieval
procedure [28] implemented using GNU Octave software.

As shown in Fig. 1, the bar-shaped sample was mounted on the rotation stage of
the tomography setup. During the scan, it was placed downstream of the KB focus
and magnified radiographs were recorded onto an X-ray detector using a FReLoN
charged-coupled device (CCD) with a 2048x2048 binned pixels array. For one
tomography scan, 1500 projections were acquired with an exposure time of 1.00 s for
a resolution of 100 nm and 1.25 s for the higher resolutions of 25 and 50 nm.
Tomographies at four different focus-to-sample distances were acquired to complete
one holotomography scan, which were subsequently used for phase retrieval. The 2D
phase maps retrieved from the angular projections were then used as input for a
tomographic reconstruction based on the filtered back projection (FBP) algorithm
method (ESRF PyHST software package) [29]. The reconstructed 3D volumes were
visualized and rendered with 3D visualization software Avizo 8.1 (FEI).

3D rendering

Photons Sample Detector Projection images
33.6 keV w Iy

Fig. 1. Schematic diagram of the synchrotron X-ray holotomography imaging process.
In the 3D rendering the precipitates and cavities are labelled in green and red,
respectively, while the iron matrix is in transparent light grey.

4 &

The phases present in the creep-failed samples have previously been characterized
as: (i) the Fe-Au alloy matrix (with a bcc structure), (i) empty creep cavities and
(111) Au-rich precipitates (containing 80 at.% Au and 20 at.% Fe) [19]. In the present
study, only the creep cavities and gold precipitates are of interest because they directly
affect the self-healing of creep damage by site-selective precipitation of Au-rich
precipitates at the creep cavity surface. Since the electron density of Au is much
higher than that of Fe and that of vacuum is much smaller than that of Fe, the contrast
difference between an empty cavity and an Au-rich precipitate is very large. Hence we
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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 Q4 (where d is the dimensionality of the object) is a
dimensionless parameter in which the surface area of the object 4 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:

A

&= ey 1)

The value of the shape complexity varies between Q3 = 1 for a sphere and 23 — oo for
objects with a finite area 4 and a negligible volume (V' — 0). The reciprocal value of
the three-dimensional shape complexity is also known as the sphericity ¥ =1/Q;
(where 0 <W¥ < 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 a; can be determined from the eigenvalues of /; of the moment of inertia
tensor |I:

s(rr(n)-21)
%_J o J=12.3 (2)

where Tr (1) = I1; + I»x + I33 is the sum of the elements along the main diagonal of the
moment of inertia tensor . The corresponding eigenvectors B, representing the spatial

orientation of the semi-axes can be calculated by solving (I-a,;1)B; =0, where 1 is

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

2a

b+c

E=

€)
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F= b 4)
c
For a sphere all axes are equal (a = b = ¢), resulting in an elongation of £ =1 and a
flatness of /= 1. For a rod-shaped ellipsoid of revolution (b = ¢) with one long axis (a)
one finds £ = a/c and F =1, while for a sheet-shaped ellipsoid of revolution (a = b)
with one short axis (¢) one finds £ = 2a/(a + ¢) and F = a/c (and thus E = 2F/(F+1)).

It is found that the combination of the complexity Q3, the elongation £ 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:

V. ...
FR = precipitate 5
7 )

cavity + precipitate

where Vyyecipirare 15 the total volume of precipitates in contact with the cavity and Veaiy
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 &, in the secondary stage.
It is found that £; depends on the applied stress and fulfills a Sherby-Dorn

relationship [35] with &, oc 6'* in the low stress region (< 100 MPa), while at a
p 55 g

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 °C 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.

0.12

0.08 i
c
o
 0.04 i
0.00 1 1 " 1 " 1 " 1 " 1 " 1 "
0 100 200 300 400 500 600 700
Time (h)
1E-3 Frrrqprrrr ""|""""|""'"'|"'""'|"'"'"l""""l"':
b (b) 3
/.

1E-4 F , .

. 1.64+0.01
_/g'(.

55

Steady-state strain rate (h™)

1E_5 sl b oo louueloouelaeneleguabng
60 70 80 90 100 110120
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1000 :" "|"'""'l""""|""""|"'""'l""'"'l""""l"':
F(c) ]
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= ; \. ]
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Fig. 2. (a) Creep curves of the Fe-Au samples creep loaded at 550 °C 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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(a) 100 MPa

| (b) 117 MPa

{
7

Fig. 3. Back-scattered scanning electron microscopy images of the Fe-Au alloy after
creep at a temperature of 550 °C and a stress of (a) 100 MPa and (b) 117 MPa. Note
that the white features are gold precipitates and the black features are creep cavities.
The direction of the applied stress is indicated in (a).

3.2 Tomographic rendering

Fig. 4 shows the 3D tomographic renderings with a voxel size of 100 nm for the
four creep-loaded samples. For these lower resolution imaging settings, the minimum
size of identified cavities and precipitates is 0.3 um (3 times the 100 nm voxel size).
Objects with a smaller size are regarded as noise and ignored. It is shown in Fig. 4
that the spatial distribution of cavities and precipitates is heterogeneous. Most of the
cavities are close to precipitates except for some small ones. The precipitates range
from small isolated spherical or equiaxed particles to large coalesced objects with
complicated shapes that follow the profile of the cavities. The big cavities are
approximately oriented perpendicular to the stress direction. As the field of view
(FOV) is around 200 um high with a transverse cross section of 200x200 pum?, the
probed 3D volume contains about 60 grains for an average grain size of 57 um. This
indicates that the dataset with a voxel size of 100 nm provides meaningful
quantitative statistics.

Of particular interest are also the details of large transverse grain boundary
cavities shown in Fig. 5 recorded with the smaller voxel of 25 nm. At the lower loads,
i.e. for the longer failure times, the grain boundary cavity has enough time to grow
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and ultimately covers an entire grain-boundary facet. The figure also shows that parts
of the grain-boundary cavity surfaces are covered by precipitates. As the smallest
characterized particle size is 75 nm (3 times the 25 nm voxel size), we can probe the
early growth stage of the cavities and the centers of these small particles could be
regarded as nucleation sites. The average spacing between the smallest cavities is
estimated to be around 4 pm.

(a) 60 MPa (b)80MPa  (c)100MPa (d) 117 MPa

1 ca\}ity I precipitate
Fig. 4. Overview of the 3D tomographic renderings before (upper part) and after
(bottom part) phase segmentation with a voxel size of 100 nm for sampples after creep

at a temperature of 550 °C and a load of (a) 60 MPa, (b) 80 MPa, (¢) 100 MPa and (d)
117 MPa. The applied stress is along the vertical direction.
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(a) 60 MPa (b) 80 MPa (c) 100 MPa

|
J
|

“, y

I precipitate [ cavity

Fig. 5. Overview of the 3D tomographic renderings before (upper part) and after
(bottom part) phase segmentation with a voxel size of 25 nm for samples after creep
at a temperature of 550 °C and a load of (a) 60 MPa, (b) 80 MPa and (c) 100 MPa.
The applied stress is along the vertical direction.

To better understand the spatial distribution of the cavities and precipitates, the
region of interest (ROI) shown in Fig. 6 is extracted from the creep-failed sample at
80 MPa and 550 °C (see in the Supplementary Material Fig. S1-S3 for the results at a
stress of 60, 100 and 117 MPa and movie S4 for a 3D angular view on the results for a
stress of 80 MPa). By projecting this microstructure from different angles, it is found
that the positions of the precipitates clearly delineate the grain boundaries as shown
best in the top view. This is in agreement with the previous SEM studies which
showed that the precipitates in the Fe-Au alloy are formed exclusively at grain
boundaries and at pre-formed cavities [18-19]. With the grain boundary positions
identified, it is found that most of cavities are indeed located on the grain boundaries,
while some small cavities appear in the matrix. This suggests that not all cavities
nucleate on the grain boundary. However, only the grain boundary cavities are able to
grow into larger sizes. Fig. 6 also reveals that the particles formed at different
locations have different shapes: particles dispersively distributed on the grain
boundaries and within the matrix are mainly spherical or equiaxed; particles on the
inclined grain boundaries are more elongated or flattened, while particles located on
the grain junctions have a relatively complicated shape.

Supplementary  video related to this article can be found at
http://dx.doi.org/10.1016/j.actamat.2016.09.023.

3.3 Shape classification of cavities and precipitates
In order to understand the fine details of the healing reaction and the interaction
between damage formation and cavity filling, the particles morphologies as
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determined by tomography are based on their elongation (E), flatness (F) and
complexity values (€23) 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 (F), Flatness (F) and
Complexity (€3) of the objects.

E F Qs
Sphere - - O3 <1.15
Equiaxed <5 <5 1.15<03<2.5
Rod >5 <5 1.15<03<2.5
Sheet - >5 1.15<Q3<2.5
Complex - - >25

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 £ 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 (€23) and as can be seen in Fig. 8a they may have a more randomly
relationship between £ and F. In Fig. 8b the spherical particles with the lowest Q3
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. 6. A ROI with a size of 130x130x50 pm’ revealing the microstructure of the
Fe-Au alloy after creep failure at 550 °C and 80 MPa. The applied stress is normal to
the top view.
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Fig. 7. Examples of classified cavity and precipitate shapes for the Fe-Au alloy after
creep at 550 °C and 80 MPa (top view projections extracted from Fig. 6). The particle
volumes are also indicated.
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Fig. 8. (a) Flatness F as a function of the elongation £ 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 °C and 80 MPa.

3.4 Size distribution
Fig. 9a and 9b show the number distribution Dy versus the equivalent diameter for

the cavities and the precipitates, respectively. The corresponding volume distributions
Dy 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
N, {In(d)-In(d)}

exp| — 6
aw\2rx P 2w’ ©)

Dy(d)=

where N, 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 Dy of (a) cavities and (b) precipitates and the volume
distribution Dy of (c) cavities and (d) precipitates as a function of the equivalent
diameter d for the Fe-Au alloy after creep at 550 °C. 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 No, d and w for the log-normal size distribution of cavities and

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

Phase > (MPa) No (um™) d (um) w fr (%)
60 7.0(5)x10° 1.5(1) 0.92(8) 0.64

Cavities 80 7.6(3)x10° 1.50(6) 0.80(3) 0.76
100 1.94(6)x10™ 0.86(2) 0.57(2) 0.24

117 9.2(5)x10°3 0.85(4) 0.62(4) 0.11

60 1.7(1)x10™ 0.76(4) 0.60(5)  0.098

Precipitates 80 1.3(1)x10° 0.63(4) 0.54(6) 0.24
100 9.3(6)x10™ 0.67(3) 0.55(4) 0.35

117 1.11(7)x10° 0.63(3) 0.50(4) 0.14

The fits indicate that the average diameter d of the cavities is about 1.50 pum
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for the samples loaded at 60 and 80 MPa and about 0.85 um 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 d 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 Dy of both cavities and precipitates show two different
regions with a cross-over around d = 4 pum, as shown in Fig. 9c and 9d. This value is
similar to the average spacing between cavities derived from Fig.5. When d < 4 um,
the cavities and precipitates show a peak in Dy around 2.2 and 1.5 pm, respectively. In
contrast, when d > 4 um, the particles are more likely to have coalesced to form large
volume objects, resulting in a continuous increase in Dy.

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 (¥, = (5%x0.1pm)’ = 0.125 pm?).
Therefore, for all cavities or precipitates smaller than 0.1 um’ the filling ratio can only
be O 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 °C and a load of 60, 80, 100 and
117 MPa classified into: (a) spherical cavities, (b) equiaxed cavities, (¢) 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~
to 100 um?, while the spherical precipitates (n = 9690) span the volume range 107 to
10 pm’. 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 um’, while that of the largest fully filled precipitate was 800 pm’. 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 um’. 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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can be drawn in the case of sheet like cavities (Fig. 10d), which occurred less
frequently (n = 45). In this case most of the sheet structures are fully filled (n = 38),
which is not surprising if the nucleation density of a gold-rich precipitate is surface
area determined.

Finally, Fig. 10e shows the filling fractions for complex shaped cavities. The
figure shows that such (relatively large) defects occur primarily at higher stress levels.
At a nominal stress level of 80 MPa all such cavities are fully filled. At higher stress
levels primarily partially filled structures are observed, which confirms the notion that
the complex shaped structures reflect the merging of local damage sites just prior to
catastrophic failure of the sample.
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Fig. 11. Examples of creep cavities partially filled by precipitates. The ROI is
extracted from the tomographic 3D rendering of the Fe-Au alloy after creep at a
temperature of 550 °C and a load of (a, b) 100 MPa and (c, d) 117 MPa, respectively.
The blue arrows in the figure show the linkage of cavities or precipitates.

Page 17



(a) FR=0.01, 80 MPa | (b) FR=0.06, 80 MPa |(¢) FR=0.47,117 MPa
2

(d) FR =0.86, 80 MPa| (e) FR=0.96, 80 MPa (f) FR = 0.99, 117 MPa

. -_ ]
B cavity [ precipitate

Fig. 12. Examples (top view) showing cavities with different filling ratios (FR). The
applied stress is normal to the top view.

We will now focus in more detail on the filling of cavities at the grain boundaries.
Fig. 11a and 11b show a big transverse grain boundary cavity partially filled by
several precipitates. Due to the filling by precipitation at the cavity surface, this cavity
cannot develop to cover the whole transverse grain boundary. Instead this cavity
extends into the locations where less precipitates are formed and was linked up to
generate a large cavity with a complex shape. This suggests that the precipitation
could impede the growth of the large cavity although the linkage of the cavity is
unstoppable. Smaller grain-boundary cavities are shown in Fig. 11c and 11d. A nearly
identical spacing of about 4 um is observed between the small cavities (unfilled and
filled) at the transverse grain boundary. As the cavities have not coalesced
significantly in this stage, the precipitates are able to completely fill some of them.
Fig. 11d shows three rod-like cavities formed at the inclined grain boundary with a
spacing of about 2 pum between them. It is interesting to note that the orientations of
the cavities are identical to the grain boundary sliding (GBS) direction, which
suggests that GBS favors the elongation of the cavities. In the meantime the linkage
between these cavities proceeds, which is indicated by the arrow in Fig. 11d. From
this detailed observation we can conclude that the cavities nucleate with a certain
spacing between them at either transverse or inclined grain boundaries. The
precipitates can fill small cavities efficiently, whereas once the cavities link together
to form large ones it is too late to fill them completely.

Fig. 12 shows several examples of partially filled creep cavities produced at
different stress levels. The observed structures indicate that the filling process
generally starts from one location and develops until the cavity is completely filled.
The necking in Fig. 12a suggests that this rod type cavity, which is located on the
inclined grain boundary with respect to the applied stress, is the result of the
coalescence of two equiaxed cavities. The resulting topology results in a small FR
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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 pm 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 y = 75° 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 A [39]
defined as:

A — Dsé‘s (7)
DGB5GB

where D; and Dgp are the surface diffusivity and grain boundary diffusivity,
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respectively. The diffusivity corresponds to D = Dyexp(-Q/RT) with a constant
pre-factor Dy, an activation energy Q, the gas constant R and the absolute temperature
T. The variables d; and Jgp are the surface and grain-boundary diffusion thickness,
respectively. The surface diffusion layer thickness is estimated by J; = Q"°, where Q
is the volume per atom [39]. The grain boundary diffusion layer thickness is assumed
to be two atomic layers (dgz = 2, = 5x10'° m) [46]. In the present work, a value for
A 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

a<l.9(£j(l+l.3A—ij (8)

r r

and transfers into a crack-like shape when

a>3.5(£j(1+1.2A—’1j 9)

r r

where ¢ is the applied stress, y, the interfacial energy, » the cavity radius and 4 the
cavity spacing (center-to-center distance between the cavities). Assuming y, =
1.95 J/m*, A= 1.3 and A = 4 pm, the cavity can attain the equilibrium shape when the
cavity radius r is less than 0.68, 0.58, 0.52 and 0.48 um at ¢ = 60, 80, 100 and
117 MPa, respectively. The cavity would develop into crack-like shape when 7 is
larger than 0.90, 0.77, 0.69 and 0.63 um at ¢ = 60, 80, 100 and 117 MPa, respectively.
It is estimated that the shape of the cavity shows a transition when 0.48 < <0.90 um
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 A [38] from:

1/3
Ao (DGBé'GB.QO'] (10)
kT

where ¢ the strain rate, £ Boltzmann’s constant and 7 the absolute temperature. The
diffusion length is calculated to be A = 2.60, 2.41, 2.36 and 1.65 um for o = 60, 80,
100 and 117 MPa, respectively. The value of A is comparable to half of the average
cavity spacing 4 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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fitting curves indicate that the average volume has a power-law dependence on the
rupture time, expressed as V = k {". The derived values of the pre-factor & and time
exponent n are summarized in Table 4. As the creep cavity growth is controlled by
both diffusion and creep flow (the strain rate that is related to the applied stress), the
pre-factor for cavity growth k., is expected to be proportional to the applied stress o

and can be expressed as k,, =k,(c/oc,) where ky is a temperature dependent

constant at a reference stress gy (op= 100 MPa in Table 4). It is shown that the time
exponent for the growth of cavities with spherical and equiaxed shapes is similar to
the value for the growth of precipitates. The time exponent of cavities in rod, sheet
and complex shapes increases, while the time exponent of precipitates in these shapes
remains the same. Based on the previous analysis of the cavity growth mechanism, it
is postulated that the spherical and equiaxed shaped cavities correspond to the early
growth stage before coalescence, while the rod, sheet and complex types are most
likely formed by coalescence in the later growth stage. This suggests that the
coalescence of cavities accelerates the cavity growth, resulting in an increase of the
time exponent. In contrast, the growth of precipitates is mainly controlled by the bulk
diffusion of gold, which is insensitive to the stress, and therefore its time exponent for
growth does not change.

‘ Crack-like cavity

Elongated cavity

Fig. 13. Two tomography slices parallel to the applied stress show different growth
modes of the creep cavities in the Fe-Au alloy sample after creep at (a) 117 MPa and
(b) 60 MPa. Quasi-equilibrium cavities, crack-like cavities at a transverse grain
boundary and an elongated cavity at an inclined grain boundary are indicated by the
arrows.
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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 °C). 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 #to
a power law dependence of the form V' = k ¢ 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 ¢ =
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) (um’h™*®) n k (um’h*®) 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
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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 Vy. It is found in
Fig. 10 that ¥, can vary between 0.1 and 100 pm’. 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 V.

For the first case, it is assumed that the filling starts for a cavity volume V). After
that, the cavity volume V,,, (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 V.. that follows a power
law with a constant time exponent n:

I/cav = I/0 + kcavtm (11)
Vprec = kprectn (12)

where k.., and k.. 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:

Vrec krec V -V, "
FR == (k 0] (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:

4

kprec

cayv cav

where the filling ratio is purely controlled by the ratio k,../k.., and the characteristic
volume Vjy. For kye. > kewy complete filling (FR = 1) is achieved for Vi, =
Volkpreel (kprec = kean)] at = [Vl (kprec = kear)]"™.

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

V = I/l + kcav,link (t - t/ink

m+Am
cav )

4

cav

>V) (15)

vV o=k 1" (16)

prec prec
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with V1 = Vo + keay tiini” . The filling ratio after linkage can now be formulated as:

1 1

k v \m 1 \meam

FR _ _prec I/1 I/() + I/cav I/1 (I/cav > I/'l) (17)
V k k

cav cav cav,link
Before linkage, FR is still described by Eq. 14. For ¢ > #;,x the value of FR will
decrease with time as the exponent for the cavity growth has increased (Am > 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
Vy varies, the cases without linkage form a band and cover a wide range of cavity
volumes from 0.1 to 100 um’. 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 7; = 200 um’® 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.
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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, kyrec/kcay = 1.1 and V= 1, 10 and 100 um3 . The solid blue
curves are displayed for the linkage model using the following parameter values n =
m = 0.8, m+Am = 1.3, kpree/keay = 1.1, V; = 200 um’® and ¥, = 120, 140, 160 and 180
um’ (with egyiimi/keay = 0.01, 0.1, 1, and 10 h™®°, 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 °C 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 pm 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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