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Abstract

Time-resolved in situ microtomography is employed to track the
nucleation and growth of individual pores during solidification of a
commercial nickel-based superalloy. Three cooling rates (0.1, 0.5
and 1°C/s) are investigated to evaluate the effect of this key
processing parameter on the formation of porosity. Phase contrast
obtained with a coherent X-ray beam is used to visualize the
evolution of dendritic structures in absence of a sufficient absorption
contrast. Two mechanisms leading to shrinkage pores have been
identified. The first mechanism (mechanism A) is associated with the
coalescence of secondary dendrite arms at temperature during the
early stages of solidification. The second mechanism (mechanism B)
is related to insufficient liquid feeding in the interdendritic region
during the last stages of solidification, at lower temperatures. A
variation of cooling rate by a factor 2 does not affect the nucleation
rate of pores generated through mechanism B. However, it seems to
affect the nucleation rate of small pores obtained through the
mechanism A. The kinetics of growth for the majority of individual
pores can be described using an exponential-like function. This
kinetics is faster for mechanism B compared to mechanism A.
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1. Introduction

The control of shrinkage porosity in cast nickel-based
superalloys is essential to extend the service life of jet engine
components being operated at high-temperature under cyclic loads.
Casting defects such as shrinkage pores are well-known nucleation
sites for microcracks in low cycle fatigue [1,2] as well as in high
cycle fatigue [3]. Defect sizes ranging from a few microns to several
hundreds of microns can affect fatigue properties but the largest
defect is often considered as the key parameter that governs the
fatigue resistance. Shrinkage pores also act as internal sinks for
vacancies during creep deformation [4]. They can grow significantly
to adopt a polyhedral shape and eventually contribute to extensive
creep cavitation before failure [5]. In the late stages of creep, large
pores are known to be nucleation sites for micro-crack as well [6,7].

The size, shape and distribution of casting pores in the
microstructure are influential factors for fatigue and creep resistance.
Typically, larger pores (of the order of few hundreds of microns) tend
to promote stress concentration and pores with irregular shapes can
encourage crack nucleation through notch-like effects. As an
illustration, the creep resistance of superalloys below 1000°C can be
improved significantly when the size and density of pores is
decreased by hot isostatic pressing [8]. Also, fatigue life
improvements in the low cycle regime, attributed to refined porosity,
have been reported in single crystals [9]. Undoubtedly, it is of
fundamental interest to understand the mechanisms leading to pores
with contrasted sizes and shapes during solidification and to assess
the effect of key processing parameters, such as the cooling rate, on
their final characteristics.

X-ray micro-tomography is a suited characterization tool to
investigate porosity in millimeter-sized samples. It provides a 3D
description of the sample internal structure, with a micrometer spatial
resolution and with a high acquisition rate when performed at
synchrotron radiation facilities [10]. Microtomography has been
employed to investigate the pore population in superalloy single
crystals, in relation with their chemical composition and processing
parameters [11-13], and creep resistance [7,11]. Through ex situ
measurements, only limited information can be gathered on pore
formation and growth mechanisms occurring during solidification.
In situ X-ray radiography first provided time-resolved insights into
the phenomenon [14,15]. However, the recent introduction of CMOS
cameras with ultra-fast acquisition rates has enabled the in situ
monitoring of solidification processes [16-18]. This technological
leap has been used to further investigate, for example, dendritic
growth in model alloy systems, typically Al-Cu, showing a strong
absorption contrast between the copper-enriched liquid and the solid
phase [17,19-21]. Similarly, Hf-bearing alloys have been used to
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study Ni, Fe and Co binary systems with a high melting temperature
[22]. In those peculiar cases, the 3D morphology of the dendrites
could be tracked accurately and the fraction of solid estimated
because the absorption contrast between the liquid and the solid
phase was pronounced. Thus mechanisms such as dendrite growth
and coalescence were characterized.

In this work, real-time in situ “4D” microtomography was
employed to track the formation and growth of individual pores
during solidification of a commercial nickel-based superalloy. Three
cooling rates were investigated (0.1°C/s, 0.5°C/s and 1°C/s) to
evaluate the effect of this key processing parameter on the formation
of porosity. Phase contrast obtained with a coherent X-ray beam was
used in order to visualize the evolution of corresponding dendritic
structures because of the absence of sufficient absorption contrast.
The mechanisms leading to two populations of pores with contrasted
final characteristics, namely size and shape were identified. For the
first time, the kinetics of pore nucleation and growth during
solidification of a commercial Ni-based superalloy, depending on the
cooling rate, is reported and discussed in relation to the resulting pore
size and morphology.

2. Experimental methods

2.1. Samples

The material investigated was an industrial grade Ni-based
superalloy containing substantial amount of Co, Cr and Mo, a
combined amount of Ti and Al of 8.6 wt% and traces of B. Its
detailed chemical composition is proprietary and cannot be reported
here. More details can be found in references [23-25], in particular
in [25] where the contents of the main alloying elements are
provided. The raw material was machined into cylindrical samples
with a pin extending over a base, as shown in Figure 1la. The pin
corresponded to the area being melted and solidified during the
experiment and was therefore probed with X-ray microtomography.
It had a diameter of 0.8 mm and a height of 1.6 mm. The cylindrical
base had a 4.5 mm diameter wide, a 5 mm height and featured a small
hole designed to receive a thermocouple used to monitor the
temperature during the experiment, in the immediate vicinity of the

pin.
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Figure 1. Overview of the setup used to perform in situ solidification experiments.
(a) Schematic of the sample geometry. The region of interest (ROI) is located at the
center of the pin (top part of the sample). A thermocouple was inserted in the base
of the sample to monitor the temperature close to the ROI. (b) A furnace compatible
with in situ time-resolved microtomography acquisitions was used to control the
cooling rate of the sample.

2.2. In situ solidification

Solidification experiments were performed in situ on the micro-
tomography setup available at beamline ID19 of ESRF. Prior to each
solidification experiment, a sample was glued onto a tall alumina rod
attached to a Leuven fast rotating stage. The sample was first melted
in a resistive furnace specifically designed for samples with a
millimetric size (courtesy of Mines ParisTech [19]) and then cooled
down under controlled conditions within the furnace. A thin surface
layer of oxide formed during the heating step and acted as a crucible.
The furnace was equipped with two thin silica windows allowing to
perform microtomography acquisitions all through the experiment
(see Figure 1b). Three cooling rates were investigated: 0.1°C/s
(5°C.min%), 0.5°C/s (28 °C.mint) and 1°C/s (62 °C.min™?).

Time-resolved  microtomography  measurements  were
performed with a pink beam set at a mean energy of 57 keV. A
dedicated optical system with a 100um-thick LUAG scintillator and
a x10 Mitutoyo objective lens was placed in front a PCO Dimax
CMOS camera dedicated to fast recording. Each acquisition was
completed under 3s by taking 750 projections over 180°, and
repeated every 12s to 18s depending on the cooling rate. The pixel
size in the image was 1.22 pm. The region of interest considered was
a cylindrical volume of 0.12 mm?, taken at the center of the pin, with
a diameter of 550 pum and a height of 500 um (see Figure 1a). The
volume reconstruction was performed with a filtered back-projection
algorithm, applying a correction for ring artefacts, in the software
PyHST [26]. Phase contrast was retrieved with a Paganin method
[27] set with a 6/8 coefficient of 300, J being the refractivity index
and f the absorption contrast.



A type S thermocouple, inserted in the base of the sample, was used
to monitor continuously the temperature in the close proximity to the
pin. To compensate for small systematic errors in the measurement,
the temperature profile was shifted to read 1350°C (a value
corresponding to the liquidus temperature for the investigated
superalloy, see [22,24]) at time t, when solidification started. Time
to was chosen as the time during cooling of the last tomography scan
showing a fully-liquid region of interest (i.e. no dendrites). The
uncertainty on the temperature measurement is evaluated below
12°C, the later value being related to the temperature change
recorded between two successive microtomography acquisitions at
the fastest cooling rate (1°C/s).

2.3. Data processing and tracking method

For each sample, a dataset of 17 acquisitions was selected at
given temperatures distributed between 1350°C, at which the sample
was fully liquid, and 1150°C, at which the sample was fully-
solidified. In each dataset, a drift correction was employed to
compensate the displacement of the region of interest (between two
reconstructed volumes) associated with the thermal contraction of
the sample holder. A registration algorithm was employed to
calculate the rigid translation with a pixel accuracy, using the oxide
layer as a stable source of contrast. A background subtraction was
also carried out to remove long-range intensity gradients in the
volume. For quantitative analysis of porosity, straightforward
thresholding was performed based on the high contrast between
(dark-looking) pores and the dense (liquid or solid) phase.

To track the evolution of individual pores in a dataset, a cross-
volume labelling method was developed. First, a volume containing
“virtual” pores was generated as an aggregation of all acquisitions
over the full temperature range. Virtual pores represent an imprint of
the size and shape the actual pores have occupied at different time
during solidification, around a fixed position. Each actual pore in the
dataset could then be associated with the virtual pore containing its
center of gravity and labelled accordingly. Tortuous pores not
containing their own center of gravity were associated to the closest
virtual pore. This method was found very effective and random
assessments did not reveal a significant number of mislabeling. Pores
with a volume below 9 voxels were not considered in the quantitative
analysis and so were excluded pores in contact with the edge of the
cylinder delimiting the region of interest. The resolution limit set to
9 voxels corresponds to a 3D-cross whose maximum dimensions
along X, Y and Z are equal to 3 adjacent voxels. With a pixel size of
1.22um, this means a resolution of 3.66um. In other words, pores
having an equivalent diameter smaller than 3.66pum have been
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discarded from our analysis. The sphericity index used in this work
was defined as the ratio of the pore volume over the volume of a
sphere with the same surface area as the pore. Image processing was
performed with the platform Fiji [28] (ImageJ) and 3D views were
obtained with the commercial software Avizo.

3. Results and discussion

3.1. Impact of cooling conditions on the residual porosity

The typical morphology of dendritic structures at the three
imposed cooling rates is illustrated in Figure 2a-c. Cross sections
were selected at about 1340°C for intermediate solid fractions. In
those images, bright pixels are associated with the solid phase while
dark grey pixels correspond to the liquid phase. Phase contrast was
used to reveal the dendritic structures because absorption contrast
was insufficiently pronounced in this commercial Ni-base
superalloy. A weak absorption contrast is a direct consequence of the
partitioning of alloying elements during solidification that, on
average, gives a similar atomic number within the liquid phase and
solid phase respectively. As a result, an accurate and automated
estimation of solid fractions was not possible in our experiment.
Hence only rough estimations based on 2D cross sections, are
provided as reference in Figure 2. Note that the solid fraction
estimation given for a cooling rate of 0.1°C/s might not be reliable as
the volume of region of interest is limited relative to the secondary
dendrite arm spacing. In Figure 2a-c, a schematic associated with
each 2D view highlights the dendrites size and morphology.

An estimation of the secondary arm spacing A, carried out
at high solid fraction and for a temperature of 1290°C, is also
presented in Table 1. The values measured are consistent with those
reported for nickel-based superalloys in reference [29] and show that
a satisfactory control of the cooling conditions was achieved in our
experiments. As expected, finer dendritic structures are obtained at
faster cooling rates. However, one should notice that we do not see a
drastic variation of the secondary arm spacing given the range of
cooling rates investigated. More significant differences would be
observed if varying the cooling rates by several order of magnitude.
At 1°C/s and 0.5°C/s (Figure 2b and Figure 2c), a full dendrite can
be identified in the 2D cross sections, with a trunk and secondary
arms. Other features suggest the presence of surrounding dendrites
with different orientations. This observation was confirmed by
inspecting the whole volume from several angles. At 0.1°C/s, only
large secondary dendrite arms are observed, see Figure 2a. In this
case, the volume investigated using X-ray microtomography does not
fully capture the coarse nature of the dendrite structure. To avoid a
representativeness bias, this last dataset is not considered hereafter
for porosity-related investigations.
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Figure 2. Dendritic solidification structures observed at 1340°C for three cooling
rates: (a) 0.1°C/s, (b) 0.5°C/s and (c) 1°C/s. For each sample, a slice of the
reconstructed volume is shown (left). For a sake of clarity, a schematic is provided
to illustrate the distribution of liquid and solid phases (right) along with a rough
estimation of the average solid fraction f; as quantified on cross sections. Note that
the solid fraction estimation given for a cooling rate of 0.1°C/s might not be reliable
as the volume of region of interest is limited.

Cooling rate 0.1°/s 0.5°/s 1°/s

A, for fo>~95% | > 110 pum ~ 70 pm ~ 50 um

Table 1. Secondary dendrite arm spacing estimated at 1290°C, after dendritic
growth and coalescence.
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Sphericity

The porosity observed once solidification is completed, in the
samples with fine dendritic structures, i.e. cooled down at 0.5°C/s
and 1°C/s, is shown in Figure 3a and Figure 3b. The pore volume
fraction is estimated at 0.22% for a cooling rate of 0.5°C/s and 0.14%
for a cooling rate of 1°C/s. The pores density, however, is found
higher at 1°C/s (7800 pore/mm?3) than at 0.5°C/s (5500 pore/mm3), it
means 30% more pores when the cooling rate is doubled. As
illustrated in the 2D histograms shown in Figure 3c and Figure 3d,
the majority of pores in both samples have an equivalent diameter
below 10um with a round shape leading to sphericity indices higher
than ~0.8. Larger pores tend to be more tortuous and are associated
with lower sphericity indices.

Equivalent pore diameter (pum)
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Figure 3. 3D view of the porosity after complete solidification for two cooling rates:
(a) 0.5°C/s and (b) 1°C/s. Associated 2D histograms providing a characterization
of the pore population in terms of size and sphericity for a cooling rate of (c) 0.5°C/s
and (d) 1°C/s.

At higher cooling rate, the porosity features more pores of smaller
size. For example, the largest pore for a cooling rate of 1°C/s has an
equivalent diameter of 23 um while it is 40 pm for a cooling rate of
0.5°C/s. This general observation is also in agreement with the
refined dendritic structure shown in Figure 2c.

Equivalent pore diameter (um)

200 pm

Counts
50



3.2. Partitioning the pore population

A distinction is made in Figure 4a between two populations of pores
with contrasted final characteristics: namely small pores (Figure 4b)
and large pores (Figure 4c) and. The distinction is made because
large pores, in average more tortuous, are expected to impact the
creep and fatigue behavior significantly more than smaller, rounder
pores. As seen in Figure 4, pores having a sphericity below 0.5 will
be defined as large pores. Such a threshold based on sphericity
corresponds to a critical pore equivalent diameter of about 9um.

(a) 0.5°C/s
VT ; ; Counts
. 50
z i
2 ; . 10
L5} L]
2 s . 5
' u -
04 1 P .
021 4 © : A N 1
0 10 20 30 40
Equivalent pore diameter (um)
(b) Small pores Large pores
L ,--‘ ! t -a’. ] * : . p— »
R .t ' .1 “ : ' P ‘3. R "
‘n ‘._:,' ey ;fo'_- "‘ . ; a l. Lo
LR e ™ e v e
’ . i e : ° hTlh "
A X * CERN

et TN 200 pm

Figure 4. Partitioning the pore population into small pores and large pores
illustrated sample cooled at 0.5°C/s. (a) Position of the threshold and (b) 3D
renderings of the two subpopulations.

As shown in Figure 5, for a cooling rate of 0.5°C/s, large pores are
generated between 1250°C and 1200°C while small pores are created
from 1325°C to 1175°C. This difference suggests that different
mechanisms of pore formation and growth are activated during
cooling. The two mechanisms identified in our experiment are
discussed in the following section.
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Figure 5. Normalized count of small pores and large pores during solidification at
a cooling rate of 0.5°C/s. All curves are normalized by the total number of pores
(Ntotar) Observed after complete solidification (T =~ 1150°C).

3.3. Mechanisms of pore formation
3.3.1. Mechanism A: porosity between secondary dendrite arms

The first mechanism (mechanism A) is illustrated in Figure 6. 2D
cross sections shown in Figure 6a and selected in the growth plane
of a single dendrite, reveal how small pores are being formed in
between secondary dendrite arms due to insufficient liquid flow
perpendicularly to the primary dendrite trunks. This insufficient
liquid feeding in between dendrite secondary arms is caused by
secondary arms coalescence. At 1340°C, a typical dendritic
morphology is observed, featuring a trunk and secondary arms
extending from both sides. At 1320°C, secondary arms appear
significantly larger and in smaller number, a result of growth and
coalescence of the dendrite arms. At 1290°C, residual liquid films
are the last traces of the tree-shape morphology in the almost fully
solidified dendrite. As pointed out by the arrows, small pores appear
near the trunk of the dendrite, at positions matching liquid films
observed at higher temperature between secondary arms. In the
orthogonal view taken slightly away from the trunk (Figure 6b), it
can be seen that pores are created with a round shape and are always
located in the middle of the secondary arm alignment.

Mechanism A can be described by considering the decrease of liquid
flow between secondary dendrite arms due to the coalescence of
secondary dendrite arms at high temperature. As described by
Mortensen [30] and later observed in situ in other alloy systems [19],
the coalescence of two dendrite arms can lead to a pocket of residual
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liquid close to the trunk. This pocket is almost isolated from the
liquid remaining in the interdendritic space and may evolve into a
shrinkage-like pore. Because the characteristic size of the pocket is
close to the thickness of the liquid film before coalescence, only
small pores can be created through mechanism A. Pockets of liquid
tend to adopt a rather round morphology, in relation with the
progressive nature of the growth, so that pores created tend to have a
high sphericity. Additionally, an average rough estimate of the local
solid fraction at 1340°C, performed on various 2D slices extracted
from the reconstructed volume, lead to a value of 0.6 which seems a
reasonable fraction according to Mortensen [30] to observe the first
secondary dendrite arm coalescence events.

(@) - 1340 °C —>—— 1320 °C —>—— 1290 °C —>

Figure 6. Mechanism A — Formation of small pores at high temperature induced by
growth and coalescence of secondary dendrite arms (here for a cooling rate of
0.5°C/s). (a) 2D cross sections extracted at different temperatures showing the
creation of pores within the regions containing residual liquid films, between two
secondary arms before coalescence (arrows). (b) Orthogonal view of the dendrite
arms, taken along the dotted line indicated in (a), suggesting that residual pockets
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of liquid are being entrapped close to the trunk and between two dendrite arms as a
result of coalescence, leading to the formation of a small pore.

3.3.2. Mechanism B: porosity in the interdendritic space

The characteristics of the second mechanism (mechanism B) are
illustrated in Figure 7. 2D cross sections extracted from X-ray
tomography 3D reconstructed volume show the evolution of
interdendritic regions during the last stages of solidification. At
1290°C, the large solid areas are associated with dendritic structures
after substantial growth and coalescence (see Figure 6). The residual
liquid indicates interdendritic regions where solidification happens
last. At 1230°C, a uniform contrast is observed indicating near-
complete solidification. At 1220°C, a large pore is formed at a
position previously occupied by interdendritic liquid. As seen on the
3D rendering in Figure 7b, the pore initially round grows
significantly in size and adopt a more tortuous shape.

(a) 1290°C 1230°C —— 1220°C —-»— 1210°C -

(b) 1220°C —— 1210°C —— 1200°C ->— 1190°C -

2% 23

Figure 7. Mechanism B — Formation of pores at intermediate and low temperature
in the interdendritic space (here for a cooling rate of 0.5°C/s). (a) Evolution of a
single cross section showing the apparition of a pore after apparent complete
solidification. (b) 3D rendering of the pore showing the growth mechanism during
the last stages of the solidification process.

Mechanism B is typical of shrinkage porosity generated by
insufficient liquid feeding in the interdendritic space during the last
stages of solidification and promoted by thermal contraction [31]. As
expected, this mechanism is activated mostly at low temperature
(1220°C in the example shown in Figure 7), in the last stages of
solidification. In Figure 7a, thin films of residual liquid are likely
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stables down to 1190°C, although the spatial resolution and
sensitivity of our analysis is insufficient to detect them. The presence
of residual liquid is required to support the growth mechanism taking
place in-between dendrites. We observed that Mechanism B can lead
to large pores with tortuous shapes, as shown in Figure 7b, as well
as small pores with a spherical-like shape. The size and shape of the
pore depend mostly on the local geometrical and topological
configuration of the interdendritic volume and on the surrounding
liquid feeding conditions.

3.4. Effect of cooling rate on pore nucleation

The evolution of the normalized number of small pores and large
pores is reported in Figure 8a and Figure 8b respectively for two
cooling rates: 0.5°C/s and 1°C/s. Large pores are formed in a
relatively narrow temperature range, roughly between 1230°C and
1200°C, and the nucleation rate appears similar for both cooling rates
(see Figure 8b). In contrast, small pores are generated in a wide
range of temperature, between 1320°C and 1180°C, and the kinetics
of nucleation seems to be sensitive depend—significantly—en the
cooling rate (see Figure 8a). At slower cooling rates, a higher
number of small pores are generated at higher temperature: for
example, 20% of the final pore count is reached at 1270°C for a
cooling rate of 0.5°C/s while this value is reached at 1230°C for a
cooling rate of 1°C/s.

b ]
Small pores ®) 1o
0.5°C/s : Nigtal = 580 E 0.8 1
1°C/s : Nygtal = 864 S
E 0.6 1
=%
o
8
5 047 1°C/s
g
=)
“ 02
1°C/s
0.0 1
1150 1175 1200 1225 1250 1275 1300 1325 1350 1150 1175 1200 1225
Temperature (°C) Temperature (°C)

Large pores

0.5°C/s

0.5°C/s : Ntotal =74
1°C/s : Ntotal = 67

Figure 8. Evolution of the normalized number of (a) small pores and (b) large pores
during solidification at a cooling rate of 0.5°C/s and 1°C/s. All curves are
normalized by the total number of pores (N:y:q:) Observed after complete
solidification (T'= 1150°C).

The kinetics of nucleation is consistent with the two mechanisms
identified. Large pores are obtained through mechanism B at the end
of solidification only. On the contrary, small pores are created by
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both mechanisms, i.e. at high temperature through mechanism A and
at lower temperature through mechanism B.

Our purpose is now to make a deconvolution between the two
mechanisms for the generation of small pores because both
mechanisms A and B contribute to the formation of small pores. This
should help to determine characteristic temperatures for the
nucleation of small pores through each individual mechanism. To do
so, a simple model is introduced below to further comment on the
effect of the cooling rate on the nucleation of small pores. Both
mechanism A and mechanism B are assumed to follow a Gaussian
nucleation rate as suggested by equation (1).

1 _(r-w?

N o e 202 (1)

oV2an

In equation (1), u is the mean and o is the standard deviation of the
Gaussian distribution. The total number of pores created is the sum
of both mechanisms. Relying on previous hypotheses, a least-square
fit was performed for the two cooling rates investigated (0.5 and
1°C/s) and the parameters for the nucleation rates identified. The
result are presented in Figure 9a-b while the mean value u and the
standard deviation ¢ for each mechanisms are reported in Table 2.
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Figure 9. The evolution of the number of small pores is separated into contributions
from mechanism A and mechanism B. A gaussian nucleation rate was assumed for
both mechanisms and the resulting least-square fit performed with the experimental
pore counts is shown.

Mechanism A Mechanism B
Ha 0a Up OB
0.5°C/s 1270°C 32°C 1207°C 17°C
1°C/s 1225°C 34°C 1210°C 10°C

Table 2. Mean values u and standard deviations ¢ of the Gaussian nucleation rates
identified during the deconvolution process of small pores shown in Figure 9.

On the one hand, mechanism B does not seem sensitive to the cooling
rate as shown by relatively similar mean values and standard
deviations. This is in agreement with the observation made on the
large pore population (created only through mechanism B) with a

mean value

found to be about 1220°C. On the other hand, our

analysis suggests that mechanism A depends significantly on the

cooling rate

though the cooling rate was just doubled. The mean
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value for the deconvolution is found to be 1270°C for a cooling rate
of 0.5°C/s whereas it is only 1225°C for a cooling rate of 1°C/s.

To summarize, we believe that both mechanism A and mechanism B
are shrinkage-type of porosity triggered by similar fundamental
causes, such as insufficient liquid feeding in confined areas, although
the local conditions suitable for a pore nucleation differs between the
two mechanisms. The development of favorable local conditions, i.e.
limited liquid feeding, explains the contrasted sensitivity of
mechanism A and mechanism B to the cooling rate. First, note that
the nucleation of gas pores is unlikely to happen here as the
difference of hydrogen solubility between the liquid and the solid
phase is relatively limited in Ni-based alloys [32] contrary to what is
reported for Al-alloys where gas pores have often been reported, see
e.g. [15,30]. Second, we did not observe spherical pores in the liquid
at high temperature during the early stages of solidification.

As stated before, mechanism A is strongly linked with the
coalescence of secondary dendrite arms since it reduces liquid flow
normal to the primary dendrite trunks. Close to the dendrite trunk,
around residual pockets of liquid, conditions to ensure a proper liquid
feeding in-betweeen dendrite secondary arms are not fulfilled
anymore (strong decrease of the permeability for flow
perpendicularly to the primary trunks due to secondary arms
coalesecence), even if the overall solid fraction is still relatively low
(~60%). Thus mechanism A depends on secondary arm coarsening,
a phenomenon which occurs during the early stages of solidification
and which starts earlier, i.e. at higher temperature when the cooling
rate is divided by a factor 2, see [33].

Mechanism B is governed by the permeability of the dendritic
structures for flow parallel to primary trunks during the last stages of
solidification, at large overall solid fractions, typically when fs>90%.
Ganesan et al. [34] have studied the permeability (denoted K) for
flow parallel to primary dendrites arms and they derived an analytical
equation linking the permeability to the primary dendrite arm spacing
(denoted 41), the fraction of liquid (denoted f., hence solid fs) and
other geometrical parameters. This equation shows that the
permeability K for flow parallel to primary dendrite arms, which is
thought to be the root cause of pores forming through mechanism B,
is proportional to 2:2. The fact that mechanism B is not significantly
sensitive when the cooling rate changes from 0.5°C/s to 1°C/s,
contrary to mechanism A, can be rationalized. Indeed, we first
estimated the primary dendrite arm spacing 41 0n 2D cross sections,
see typically Figure 2, for samples cooled at 0.5°C/s to 1°C/s. Our
rough estimation of 11 gives: 11 (0.5°C/s) = 200-300um and 4; (1°C/s)
~ 150-200um are consistent with the ones reported in reference [28]
which has reviewed the results obtained in many different studies.
Thus doubling the cooling rate does not lead to a drastic change of
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the primary dendrite arm spacing, therefore such a variation does not
sufficiently change the permeability values to alter the sensitivity of
mechanism B to cooling rate change, at least in the range explored in
the present work. Mechanism B is thus less sensitive to limited
variations of cooling rate than mechanism A.

3.5. Effect of cooling rate on pore growth

The kinetics of growth was evaluated with the tracking method
described in section 2.3 for each pore with a final equivalent diameter
larger than 6um. For pores with a smaller final diameter, the spatial
resolution of our analysis was considered insufficient to monitor the
process. As illustrated in Figure 10, the kinetics of growth can vary
significantly from pore to pore. We found that equation (2) could be
used to fit efficiently the majority of the experimental data.

r=1—e*TTo) (2)

where Dg, is the normalized equivalent diameter, T, is the nucleation
temperature and « is a parameter governing the kinetics of pore
growth. 40% of the pores are detected directly with their final size
or, alternatively, only a single point is available to fit their size
evolution (see typically cases where a = 0.3 in Figure 10). In such
cases, the temporal resolution of our analysis was deemed
insufficient to robustly describe the kinetics of pore growth and the
associated pores were not considered further in the analysis.

—_—
)
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=018 Deq =26 um =005 Deq =6 pm ¢ =0.08 Deq =9 pm
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Figure 10. Illustration of the tracking method used to monitor the growth of
individual pores. An exponential-like function with two parameters was fitted to the
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data to provide a parametric description of growth. A 3D rendering of individual
pores in their final shape is also shown.

A plot of the coefficients fitted for 256 pores (60% of the total
population) is provided in Figure 11 for two cooling rates. Each dot
in Figure 11 has a size proportional to the final equivalent diameter
of the pore. As discussed above, large pores nucleate in a narrow
band of temperature compared to small pores. No apparent
correlation is detected between the final size of the pore and the «
coefficient. For both cooling rates, we see that small pores nucleating
at high temperature (roughly > 1250°C) have low a coefficient,
typically below 0.1. At lower temperatures, a large dispersion in the
values of « is observed in a range between 0.05 and 0.3. As the
temperature decreases, we see a tendency to observe higher
coefficients. This suggests that pore growth is faster, in average, for
mechanism B than mechanism A.

(®) 30
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Figure 11. Distribution of parameters a and T, from equation (1), fitted on
individual pores using the tracking method, for two cooling rate: (a) 0.5°C/s and (b)
1°C/s. The size of each dot is proportional to the final equivalent diameter of the
pore.

Among the population of pores considered in our growth analysis, at
higher cooling rate, the growth seems faster on average: the mean
value of « is 0.18 for a cooling rate of 1°C/s but it is only 0.13 for a
cooling rate of 0.5°C/s. Overall, it appears that the distribution of
parameters describing pore growth is significantly affected by the
cooling rate considered., even within the restricted range of cooling
rate considered in the present work.
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4, Conclusions

Based on the work reported above, the following conclusions can be
drawn:

Time-resolved in situ microtomography can be used to track the
nucleation and growth of individual pores during solidification
of industrial-grade Ni-based superalloys at representative
cooling rates (1°C/s).

Phase contrast imaging, in the absence of X-ray absorption
contrast, provides valuable data on the evolution of dendritic
structures during solidification.

Two mechanisms of pore formation have been identified. Both
mechanisms lead to shrinkage pores in confined regions with a
high local solid fraction. Mechanism A is associated with the
insufficient liquid flow normal to the primary dendrite trunks
caused by the coalescence of secondary dendrite arms at
temperature above approximately 1220°C. Mechanism B is
related to insufficient feeding of the interdendritic space during
the last stages of solidification, at lower temperatures.

Small pores usually exhibit a high sphericity and are generated
through both mechanism A and mechanism B in a large range
of temperature. Large pores often have a tortuous shape and are
formed through mechanism B only, in a narrow range of
temperature around 1220°C.

A variation of the cooling rate by a factor 2 does not affect the
nucleation rate of large pores and small pores obtained through
mechanism B although it has a significant impact on the
nucleation rate of small pores obtained through mechanism A.
As the cooling rate decreases, small pores are nucleated at
higher temperature.

The kinetics of individual pore growth has been characterized.
This kinetics is faster for mechanism B compared to mechanism
A
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