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ABSTRACT 

 
Single-crystal superalloys play a vital role in aerospace and power generation due 
to their superior mechanical properties at high temperatures. However, the 
formation of freckles during the casting process is highly detrimental. The freckle 
is characterized by a trace of small misoriented spurious (equiaxed) grains with a 
local accumulation of eutectics. The primary source for the spurious grains is 
considered to be dendrite fragmentation. It is known that the interdendritic flow in 
the dendrite growth direction promotes dendrite remelting, creating favourable 
conditions for dendrite fragmentation. Therefore, a flow-driven fragmentation 
model was primarily proposed, assuming that the fragmentation occurs when the 
following criterion, (𝑢⃗ ℓ − 𝑢⃗ c) ⋅ ∇𝑐ℓ < 0, is fulfilled. Although the above model has 
considered global transport phenomena and their impacts on the local 
thermodynamic condition for the dendrite remelting, some other microscopic 
events influencing the fragmentation were ignored or simplified. One such event is 
the timing effect of dendrite pinch-off. In this conference contribution, a 
modification to the previous flow-driven fragmentation model was suggested. In 
addition to the above flow-driven remelting criterion, a second condition, i.e., the 
necessary time for the remelting (𝑡𝑟) of the dendrite roots to allow the pinch-off (𝜏) 
to occur, is applied to the model. An improved simulation-experiment agreement 
is achieved in terms of both the distribution of the segregation channel and the 
formation of spurious grains. The mechanisms for the onset of segregation 
channels and the production of spurious grains are studied.  
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2.1 INTRODUCTION 
 

Nickel-based single-crystal superalloys play a vital role in aerospace and power 
generation due to their exceptional mechanical properties at high temperatures. 
The single-crystal growth is typically achieved through a grain selector (e.g. a spiral 
grain selector), through which only one crystal is expected. However, the formation 
of freckles in the subsequent solidification process destroys the integrity of the 
single-crystal casting. The freckle is characterized by a trace of mis-orientated 
small spurious grains and local enrichment of eutectics [1]. The formation 
mechanism for freckles has been well understood. The segregation of the solute 
elements in the mushy zone results in density inversion. In case of an upward 
solidification, the solute-enriched interdendritic liquid is less dense than the bulk 
liquid and thereby flows upward, which initiates the plumes and the formation of 
segregation channels beneath them [2]. The upward flow of solute-enriched liquid 
within the segregation channels eroded the roots of some higher-order dendrite 
arms, leading to dendrite fragmentation [3]. Eventually, the solute-enriched liquid 
solidifies as eutectics and the fragments solidify as spurious grains, which is 
termed as the freckle. 
 

According to the engineering definition, freckles should be distinguished from 
segregation channels [1,4]. A segregation channel can be called a freckle only 
when it captures some spurious grains, while segregation channels without 
spurious grains can be at most called "quasi-freckles". However, in many previous 
works, the segregation channels were treated as freckles. In our recent work [5], it 
was found that a freckle is developed from a well-developed segregation channel. 
Fragments can only be produced when the upward flow in the segregation channel 
is sufficiently strong, and the local remelting conditions are sustained long enough 
to melt off the roots of higher-order side arms. 
 

The mechanism behind freckle formation is well understood, but predicting and 
controlling these defects remains a challenging task. This difficulty arises from the 
complex geometry of blade castings and the intricate interactions between 
multiphase flow and solidification that occur during the directional solidification 
process. Despite the difficulties, advancements in numerical modelling offer 
potential solutions to bridge the gap between theoretical understanding and 
practical control. Recently, a digital-twin approach was proposed to model the 
solidification process [6]. Based on this approach, the formation of segregation 
channels was quantitively predicted at the industrial scale of superalloy turbine 
blade casting. This digital twin approach was extended to involve dendrite 
fragmentation, and the previously proposed flow-driven fragmentation sub-model 
[7] was refined to consider the timing effect [5] to pinch off the roots of side arms. 
Details regarding the model description, experiment setups, and also validation of 
the numerical model refer to our previous works [5,8]. In this conference 
contribution, the main goal is to highlight the necessity of considering the timing 
effect in flow-driven fragmentation mechanisms for a quantitative prediction of the 
freckles. 
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2.2 MODEL CONFIGURATION AND DESCRIPTION OF THE 
CALCULATION METHOD 

 

The directional solidification experiment was conducted in a Bridgman-type 
vacuum furnace. A cluster of superalloy specimens was assembled around the 
axis of the furnace. A spiral grain selector was used to achieve the single-crystal 
growth of the casting. The shell mould was preheated to 1750 K, after which it was 
filled with hot liquid metal at the same temperature. The composition of the studied 
superalloy is shown in Table 2.1. After a stabilization time of 10 min, the 
solidification was triggered by withdrawing the casting system downward from the 
hot chamber to the cold chamber at a speed of 1.5 mm/s. The selection of such a 
low casting speed is to provide a freckle-prone condition. 
 

Table 2.1. Main composition of the superalloy 
 

Elements Ta Cr Al Co W Re Ti Mo Ni 

Content 
(wt.%) 

8.07 3.39 5.69 5.97 6.52 4.89 0.15 0.41 Balance 

 

 

Fig. 2.1. Model configuration. (a) A layout of 𝟏/𝟏𝟐 of the Bridgman furnace 
and the casting system; (b) Casting shape and dimensions; (c) Schematic of 
the flow-driven fragmentation model and the timing of the pinch-off process 
of the side arm roots. 
 

A full-scale geometry was built for the furnace and the casting system, and one-
twelfth of the furnace is shown in Fig. 2.1(a). The geometry and dimension of the 
superalloy casting are presented in Fig. 2.1(b). The superalloy casting consists of 
seven segments with a square cross-section. The side length is 10 mm for the 
small square and 15 mm for the large square. Each segment is 30 mm high with a 
total height of the casting is 210 mm. In the current study, the previously proposed 
digital twin approach [6] was employed to model the freckle formation during the 
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directional solidification of a superalloy casting. The thermal calculation was 
conducted on the full-scale geometry, Fig. 2.1(a), using ProCAST, while the flow 
and solidification calculation was limited to the casting region, Fig. 2.1(b). 
Simulation settings and the relevant thermophysical material properties refer to 
previous papers [5,6]. 
 

The flow and solidification calculations were performed using the previously 
developed multiphase volume-average solidification model [9]. Three 
hydrodynamic phases, i.e., liquid, equiaxed, and columnar, are involved, with their 
volume fractions that sum to one, i.e., 𝑓ℓ + 𝑓e + 𝑓c = 1. Solidification and remelting 
are governed by diffusion, and thermodynamic equilibrium is applied at all solid-
liquid interfaces. The columnar dendrites only originate from the bottom of the 
casting, and the equiaxed grains are solely produced via dendrite fragmentation. 
A flow-driven fragmentation sub-model has been proposed based on Flemings' 
theory [7]. As schematically demonstrated in Fig. 2.1(c), in case of an upward 
solidification, the solute concentration ∇𝑐ℓ increases with the mushy zone depth 
owing to the solute partition during the solidification process; The upward flow 
brings the interdendritic liquid with a higher solute concentration deep in the mushy 
zone to the tip region, which promotes remelting and thus dendrite fragmentation. 
On the basis of this, it was assumed the fragmentation event occurs when the 
criterion (𝑢⃗ ℓ − 𝑢⃗ c) ⋅ ∇𝑐ℓ < 0 is fulfilled. This flow-driven fragmentation method has 
been successfully applied to steel [10] and Al-based alloys [11] to calculate the 
macrosegregation and microstructure. Nevertheless, it failed to calculate the 
formation of freckles during the directional solidification of superalloy castings. 
 
There is no doubt that the liquid flow in the dendrite growth direction, i.e., 
(𝑢⃗ ℓ − 𝑢⃗ c) ⋅ ∇𝑐ℓ < 0, promotes remelting. However, fragmentation cannot happen 
immediately when a remelting condition is fulfilled. As shown by the insets in Fig. 

2.1(c), at 𝑡0 , a side arm with a root diameter of 𝑑pr,𝑡0  undergoes a remelting 

condition, and the entire side arm starts to reduce in size. After a kinetic remelting 
process, e.g., at 𝑡0 + Δ𝑡, the root part is pinched to a very thin rod. If the remelting 

condition is sustained, the root will be completely pinched off at 𝑡𝑠 , that is, a 

fragment is produced. The time from 𝑡0 to 𝑡s is defined as the characteristic time 𝜏 

for the pinch-off process, i.e., 𝜏 = 𝑡𝑠 − 𝑡0 . In our very recent work [5], a 𝑡r − 𝜏 
criterion was proposed to consider the timing of dendrite pinch-off for flow-driven 
fragmentation. 𝑡r is the accumulative remelting time, which is recorded (i.e., 𝑡r =
∑𝑖=1

𝑛  Δ𝑡𝑖|(𝑢⃗⃗ ℓ−𝑢⃗⃗ c)⋅∇𝑐ℓ<0) during the calculation. Fragmentation occurs only when local 

accumulative remelting time is longer than the characteristic time for pinch-off, i.e., 
𝑡r > 𝜏. Details of the equations and more details can be found at [5]. 
 

2.3 SIMULATION RESULTS AND DISCUSSION 
 

2.3.1 Solidification Sequence 
 

The simulation results at 3800 s are depicted in Fig. 2.2. The calculated 
temperature field 𝑇 on the casting surface is shown in Fig. 2.2(a). A mushy zone, 
with a maximal depth of about 35 mm, is formed between the top bulk liquid and 
the lower as-solidified casting. Owing to the shadow effect of the Bridgman 
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furnace, the casting facing the induction wall is much hotter than that facing the 
furnace axis. Hence, as displayed in Fig. 2.2(b), the solidification front is inclined. 
The solidification front is 9 mm higher on the shadowed side in comparison to the 
heating side. The solute partition on the liquid-solid interface leads to the 

continuous enrichment of the solute concentration 𝑐ℓ with the mushy zone depth, 
Fig. 2.2(c). Both the solute expansion and thermal expansion modify the liquid 
density 𝜌ℓ. From Fig. 2.2(d), it can be seen 𝜌ℓ decreases with the casting height 

due to the increase of 𝑇, and decreases with the mushy zone depth due to the 

increase of 𝑐ℓ, and the maximal 𝜌ℓ is formed right above the solidification front. 
Such a density inversion drives the onset of plumes and the formation of 
segregation channels. The interdendritic liquid on the shadow side of the casting 
exhibits the highest gravitational potential, making it the most favourable location 
for the formation of plumes and segregation channels, which are illustrated in Fig. 

2.2(e) by the yellow isosurfaces of 𝑐mix 
index = 2.8% , with 𝑐mix 

index = (𝑐mix − 𝑐0)/𝑐0 ⋅
100% . Under the influences of thermal buoyancy, solutal buoyancy, and 
solidification-induced shrinkage, a complex flow pattern emerges. As shown in Fig. 
2.2(e), the flow in the bulk liquid is primarily driven by thermal buoyancy. The 
relatively cooler liquid descends on the shadow side and rises on the hot side. In 
the upper half of the mushy zone, solute-enriched liquid with lower density flows 
upward along the segregation channels and plumes. In contrast, in the lower half 
of the mushy zone, the downward feeding flow induced by solidification shrinkage 
prevails, overwhelming the influence of solutal buoyancy. The downward feeding 
flow does not determine the initiation of segregation channels, but it has a 
significant effect on the further development of the as-formed segregation 
channels. According to our recent work [5], it was found that ignoring the 
shrinkage-induced feeding flow, the strength and shape of the segregation 
channels were overestimated. 
 

2.3.2 Dendrite Fragmentation 
 
Dendrite fragmentation and the formation of spurious grains are analyzed in Fig. 
2.3. As mentioned in §2.2, in the current model, a fragment can be produced only 
when the two criteria are fulfilled, i.e., 𝑡r > 𝜏  and (𝑢⃗ ℓ − 𝑢⃗ c) ⋅ ∇𝑐ℓ < 0 . The first 
criterion evaluates whether the local cumulative melting time is sufficiently long, 
and the second criterion determines whether the local flow conditions at the given 
moment meet the requirements for flow-driven remelting. The region marked in 
green in Fig. 2.3(a) indicates the location where the first criterion is satisfied, and 
the region marked in purple in Fig. 2.3(b) indicates the location where the second 
criterion is satisfied. Fragmentation will and can only occur in the overlapping 
regions of the green and purple areas. As depicted in Fig. 2.3(c), fragments are 
produced in the two segregation channels at the casting shadowed corners, and 

the maximal fragmentation rate is equal to 𝑁frag = 4.5 × 107 m−3 s−1 . The 

distribution of the number density of the formed spurious grains (𝑛e) is illustrated 
in Fig. 2.3(d). A large amount of spurious grains is formed in the as-developed 
segregation channel. Most of the grains were entrapped by the surrounding 
columnar phase immediately after their initiation. Some grains can float or sink in 
the channels, which can be seen in the zoom-in view of Fig. 2.3(d). Similar 
phenomena were observed by in-situ observation of the solidification process of a 
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superalloy casting [3]. The movement of the grains, either upward or downward, 
depends on the balance between the liquid drag and the gravitational force acting 
on the grains. The further solidification or melting of the grains is determined by 
the local thermodynamic conditions. The mass transfer rate from the liquid to the 

equiaxed (𝑀ℓe) is shown in Fig. 2.3(e). Because 𝑀ℓe is proportional to 𝑛e, a large 
value of 𝑀ℓe can be seen at the location where 𝑛e is also large. The blue area in 
Fig. 2.3(e) implies that grain remelting also happened during the solidification 
process. Based on the simulation results, remelting was much weaker than 
solidification, and remelting only occurred occasionally. The calculated volume 
fraction of spurious grains (𝑓e) is presented in Fig. 2.3 (f). Spurious grains are 
intermittently distributed within the segregation channels. These simulation results 
have been validated through a directional solidification experiment. Comparison 
between the predicted freckles and the experimental measurements refers to [5].  
 

 
Fig. 2.2. Simulation results at 3800 s. (a) Temperature field 𝑻 on the surface 
of the casing, overlaid by the liquidus and eutectic isotherms. (b) Solid 
fraction 𝒇𝐬 and the shape of the solidification front. (c) Liquid concentration 

𝒄𝓵 on the back and right walls of the casting, overlaid by the isosurfaces of 

𝒇𝐬 = 𝟏% and 𝑻 = 𝑻eut . (d) Liquid density 𝝆𝓵 on the back and right walls of the 

casting; the maximal 𝝆𝓵,𝐦𝐚𝐱 = 𝟕𝟔𝟒𝟓 𝐤𝐠 𝐦−𝟑 𝐬−𝟏 is marked by the red lines. (e) 

The casting is rendered in transparent to show the plumes/channels 

indicated by the isosurfaces of 𝒄mix 
index = 𝟐. 𝟖% ; the liquid flow in the 

plumes/channels is shown by the red vectors, and the liquid flow on a 
vertical section in the bulk liquid is shown by the green vectors. 
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Fig. 2.3. Analysis of the formation of spurious grains at 4000 s. The casting 
is set to transparent to display the inside phenomena. The solidification front 
is indicated by the grey-inclined isosurface of 𝒇𝐬 = 𝟏%, and the segregation 

channels are presented by the yellow isosurfaces of 𝒄mix 
index = 𝟐. 𝟖% . The 

bottom of the pictures coincides with the eutectic isotherm 𝑻eut . (a) The 

region where the criterion 𝒕𝐫 > 𝝉 is met is marked in green. (b) The region 

where the criterion ( 𝒖⃗⃗ 𝓵 − 𝒖⃗⃗ 𝐜  ) 𝛁𝒄𝓵 < 𝟎  is met is marked in purple. (c) 

Production rate of fragments 𝑵frag , red isosurface of 𝑵frag = 𝟏𝟎𝟕 𝐦−𝟑 𝐬−𝟏. (d) 

Number density of produced spurious grains 𝒏𝐞 , blue isosurface of 𝒏𝐞 =
𝟏𝟎𝟗 𝐦−𝟑 . (e) Mass transfer rate from the liquid to the equiaxed 𝑴𝓵𝐞 , red 

isosurfaces of 𝑴𝓵𝐞 = 𝟎.𝟏 𝐤𝐠 𝐦−𝟑 𝐬−𝟏 denote the solidification of the grains, 

and the blue isosurface of 𝑴𝓵𝐞 = −𝟎. 𝟎𝟎𝟏 𝐤𝐠 𝐦−𝟑 𝐬−𝟏  denotes remelting of 

grains. (f) The volume fraction of spurious grains 𝒇𝐞, green isosurfaces of 

𝒇𝐞 = 𝟎.𝟐%. 
 

2.3.3 Effect of the Timing Effecting of Pinch-OFF 
 

In this section, a new simulation was conducted with the same settings as the one 
introduced in the last sections, except for the ignorance of the timing effect for 
pinch-off. The simulation results and a comparison to the experimental 
measurements are shown in Fig. 2.4. Fig. 2.4(a) presents the experimentally 
measured microstructure of the vertical section taken from the lower segment of 
the larger cross-section. The brown areas represent the primary dendrites, while 
the white regions indicate the presence of eutectics. The dark spots indicate the 
mis-orientated spurious grains. Two long freckles are identified at the corners of 
the shadow side. 
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The simulation results are shown in Figs. 2.4(b)-(g). Comparing Figs. 2.4(b) and 
(e), a similar shape and distribution of the segregation channels were predicted. 
However, the calculated volume fraction of spurious grains (𝑓e) is significantly 
different. When the timing effect is ignored, fragments can be produced once the 
criterion (𝑢⃗ ℓ − 𝑢⃗ c) ⋅ ∇𝑐ℓ < 0 is satisfied. As depicted in Fig. 2.3(b), fragments are 
produced not only in the segregation channels but also around the entire perimeter 
of the casting beneath the solidification front. As a result, the volume fraction of 
grains is significantly overestimated. A high volume fraction of grains is predicted 
near the whole surface of the casting, Fig. 2.4(b) and (c), which is inconsistent with 
the experimental measurements. For the case considering the timing effect, as 
shown in Fig. 2.3(c), fragments are only produced within the segregation channels, 
where the two criteria are satisfied. As shown in Fig. 2.4(f) and (g), two freckles 
(channels that have entrapped some spurious grains), are formed at the two 
corners of the casting. These simulation results align closely with the experimental 
findings in Fig. 2.4(a). According to the current study, incorporating timing effects 
in the flow-driven fragmentation model is crucial for accurately predicting the 
quantity of spurious grains and freckles. 
 

 
 
Fig. 2.4. Comparison study to highlight the necessity to consider the timing 
effect required for pinch-off before dendrite fragmentation. (a) The 
microstructure on the shadow side of the casting at the lower segment of the 
larger cross-section. (b)-(d) Simulation results ignoring the timing effect. (e)-
(f) Simulation results considering timing effect. (b) and (e) Contour of the 

segregation index 𝒄mix
index on the surface of the casting. (c) and (f) Contour of 

volume fraction of spurious grains 𝒇𝐞 on the surface of the casting. (d) and 
(g) The casting is rendered transparent to show the distribution of freckles. 

The segregation channels are indicated by the green isosurfaces of 𝒄mix
index =

𝟐. 𝟖%, and the spurious grains are indicated by the red isosurface of 𝒇𝐞 =
𝟏%. 
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One may note in Fig. 2.4(g) that segregation channels form at both corners as well 
as in the region between them. However, spurious grains are only predicted within 
the two segregation channels at the casting corners, while the channels in the 
middle region remain free of spurious grains. The upward flow of the solute-
enriched liquid is responsible for the onset of segregation channels, and the 
segregation channels are, somehow, inevitable during the directional solidification 
of the current superalloy. Spurious grain is produced when the melting conditions 
within these channels persist long enough to fragment dendrite side arms [12]. The 
strength of the upward flow in the relatively short channels (in the middle region) 
is much weaker than that in the two dominated channels at the casting corners, 
and some short channels vanish during the solidification process. Although 
segregation channels are developed there, the melting time is insufficient to pinch 
off the side arms and produce fragments, which explains the absence of freckles 
in the central region in the experimental and calculated results. These findings 
provide strong evidence for the timing effect required for pinch-off before dendrite 
fragmentation. 
 

2.4 CONCLUSION 
 
The directional solidification of a single-crystal superalloy sample with cross-
sectional change is numerically studied by a previously proposed digital twin 
approach. The dendrite fragmentation is considered the sole source for spurious 
grains, and the timing effect required for pinch-off before dendrite fragmentation is 
considered. An improved simulation-experiment agreement in terms of both the 
distribution of segregation channels and spurious grains is achieved. 
 
The shadow side of the casting is the most favourable position for the formation of 
freckles. The density inversion caused by the solute enrichment in the mushy zone 
leads to the onset of segregation channels. The upwelling flow within the channels 
promotes the melting of side arms. During this melting process, the timing effect 
plays a significant role in the formation of fragments. The roots of side arms will be 
pinched off and fragments are produced only when the local melting time is 
sufficiently long. Some channels shall be free of spurious grains due to insufficient 
melting time. 
 

This study also demonstrates the difference between a segregation channel and 
a freckle. During the upward solidification of superalloy castings with density 
inversion (i.e., the solute-enriched liquid is less dense than the bulk liquid), the 
formation of segregation channels is almost inevitable. Spurious grains are 
generated after the channels have been well developed and only form in the 
channels where the melting condition persists for a sufficient duration. A 
segregation channel can be called a freckle only when it captures some spurious 
grains. 
 

CONFERENCE DISCLAIMER 
 

Abstract part of this manuscript was previously presented at the conference: The 
8th International Conference on Solidification and Gravity dated from 2ed 
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