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1 Introduction
Nickel-based superalloys are extensively used in 
high-temperature components of jet engines and 
industrial gas turbines[1-6]. Advancements in directional 
solidification (DS) technology, along with the successful 
manufacturing of columnar grain (CG) and single 
crystal (SC) superalloys, have contributed to substantial 
enhancements in their mechanical performance[7-11]. Despite 
recent advances in the field of CG and SC superalloys, 
there are always some challenges in their manufacturing 
processes. One of these challenges is the presence of 
solidification defects in DS superalloy parts. Porosities, 
microsegregation, misoriented or stray grains, high/low
angle grain boundaries, freckles, slivers, and so on, 
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can be considered as the solidification defects[12-20].
Micropores or microporosities are a group of 

solidification defects that impact the ultimate 
performance of cast alloys. Microporosities can develop 
from shrinkage and gas release during solidification 
process. By utilizing the advanced vacuum technology, 
gas porosities can be avoided during remelting and 
casting process. Hence, it can be concluded that the 
microporosities are mainly owing to solidification 
shrinkage[21]. Many investigations have been conducted 
to eliminate or reduce porosity in DS superalloys. 
For example, hot isostatic pressing (HIP) process can 
efficiently decrease the solidification microporosities, 
and therefore, enhance the mechanical properties of 
the cast superalloys[22-25]. In addition, Chen et al.[21]  
found that minor additions of carbon and hafnium into 
the SC superalloys has an advantageous influence on 
the alleviation of microshrinkage. This was typically 
resulted from the formation of MC carbides in the 
interdendritic regions, which counteracted volume 
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shrinkage by inducing lattice expansion during the final stage of 
solidification.

The segregation of alloying elements is another kind of 
solidification defects in the cast superalloys. Local variation of 
alloy properties as well as occurrence of unfavorable phases, 
such as topologically closed packed (TCP) phases, are some 
of the deleterious effects on segregation. Therefore, Ni-based 
superalloys are mainly subjected to the solution heat treatment 
to remove microsegregation. Subsequently, the aging heat 
treatment are performed to regulate the size and morphology 
of γ′ phase[26-29]. In addition, with the development of new 
techniques for manufacturing DS superalloys, such as liquid 
metal cooling (LMC) technique[10, 30-35], downward directional 
solidification[36-39], and additive manufacturing (AM)[40-42], the 
detrimental effects of segregation can be reduced.

Freckles are usually resulted from dendrite fragmentation. 
Local remelting of dendrites and double diffusive convection in 
interdendritic channels are the main driving factors for dendrite 
fragmentation. This is a result of inverse density of the liquid 
metal in the mushy zone. These macroscale grain defects are 
one of the most critical factors for rejection of DS superalloy 
components. They can be seen as elongated chains of equiaxed 
grains, arranging almost parallel to the gravity direction[16, 43]. 
Various factors such as chemical composition and segregation 
of alloying elements[44-46], thermal gradient[35], withdrawal 
rate[37, 47, 48], withdrawal direction (upward or downward 
directional solidification)[37, 39], and geometrical parameters[49-53] 
can affect the formation and evolution of freckles.

Stray and misoriented grains are also a group of solidification 
defects in SC superalloys. Many studies have been conducted 
on the mechanism of their formation. According to the 
literature, many factors are involved in the formation of these 
defects[14, 54-56]. However, by optimizing the process parameters 
such as thermal gradient [56, 57], withdrawal rate of the 
mould[32, 55, 58-60], and geometrical factors[54, 61, 62], stray grains 
formation can be prevented to some extent.

Compared to the solidification defects mentioned above, 
slivers have received less attention in the literature. This may 
be due to the lower sensitivity of superalloy components to 
slivers compared to the other defects. However, recently, some 
studies[17, 63-71] have been conducted on the mechanism of sliver 
formation during solidification of SC superalloys. It should be 
noted that all the mentioned studies were conducted in recent 
years. In most of these works, numerical simulations were 
carried out alongside experimental investigations. This article 
provides a review of recent research on the sliver formation 
mechanism during directional solidification and its impact on 
the properties of SC superalloys.

2 History of research on sliver 
defects

In 1997, Beech et al.[72] appear to have been the first researchers 
to conduct a systematic investigation of sliver defects. They 
suggested that these defects are more likely to form on the 

reduced side of the cross-section, and proposed that this 
phenomenon could be associated with the presence of oxide 
residues. Al-Jarba et al.[73], in 2004, studied the influence of 
carbon addition on the cast structure and the formation of casting 
defects, including freckles, low-angle boundaries (LABs), 
high-angle boundaries (HABs), as well as slivers. According 
to their findings, the presence of slivers is not linked to thermal 
solutal convection, and addition of carbon is not an effective 
way to avoid these defects. Then, in 2013, Shi et al.[17] conducted 
a research on the mechanism of sliver formation in single crystal 
superalloys. They suggested that slivers commonly arose from 
defects at the inner surface of ceramic moulds. At the same time, 
a similar study was conducted by Aveson et al[74]. The samples 
with differing geometries were systematically studied using 
finite element analysis (FEM) and microstructural examination. 
Two potential sources of sliver defects were examined: 
(1) the dendrite fragmentation/detachment, or heterogeneous 
nucleation of sliver grains from the mould wall or oxide layer 
at the interface of the seed melt back; (2) dendrite deformation. 
It was found that sliver grains do not originate from dendrite 
fragmentation or conventional nucleation mechanisms. Instead, 
observations revealed that slivers predominantly form in regions 
where primary dendrites converge at the mould wall. Notably, 
slivers were rarely observed when the growth of primary dendrites 
diverged from the mould wall. This was rationalized by considering 
the bending moments and torques generated on primary and 
secondary dendrites caused by converging or diverging dendrites 
at the mould wall and their impact on competitive growth. 

In 2018, Huo et al.[67] investigated the formation of slivers in 
the rejoined (extended) cross-section platforms of single crystal 
superalloys. While confirming the results of Ref. [74] regarding 
the necessity of dendrite deformation (bending and torsion) for 
sliver formation, the study identified three additional factors 
that may influence the continuous evolution of slivers within 
extended cross-section platforms: (1) a favorable orientation to 
compete with the neighboring dendrites; (2) appropriate local 
thermal conditions for continuous growth; and (3) an adequate 
space for dendrites to grow in three dimensions. Moreover, 
in 2019, some studies[66, 69] were conducted on the formation 
mechanism of slivers. Sun et al.[66] examined the lateral slivers 
formation in the platform area of single crystal turbine blades. 
They found that misorientation between neighboring sliver 
grains was restricted to a medium-angle range (10.5°). In 
addition, the lateral slivers occurred more frequently at lower 
withdrawal rates. The high stresses at the boundary between the 
blade body and platform area were identified as the cause of the 
lateral sliver defects based on the evolution of thermal profile 
and stress contours. Ma et al.[69] proposed that the sliver grains 
originated from the tearing of the dendrite stems that already 
existed in the mushy zone. The tearing of dendrite stems (arms) 
may be resulted from the mould wall adhesion that constrains 
the columnar dendrite shrinkage on the blade surface. Oxide 
residues are the second reason for dendrite tearing and they 
significantly affect the strength of dendrite stems. It seems that 
the results of Ma’s research[69] are in contradiction with some 
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previous research works[66, 67, 74]. They proposed that the primary 
mechanism of sliver formation is dendritic deformation, and did 
not consider dendrite fragmentation, detachment, or tearing to 
play a role in the process. Nevertheless, Ma et al.[69] pointed out 
that the adjacent columnar dendrites support each other and limit 
the tilting of the broken dendrites. As a result, it can be said that 
most researchers are unanimous on the low-to-medium angle 
nature of slivers. 

Since 2020, more studies related to the slivers have been 
continued[63-65, 68, 71, 75-77]. Xu et al.[63] and Huang et al.[68] determined 
the range of misorientation angle of the slivers to be 3.2°-12° 
and 3.5°-9.8°, respectivey. Xu et al.[63] reported that dendrite 
fragmentation occurs instead of undergoing significant plastic 
deformation. Huang et al.[64] also reported  that the thermal 
contraction forces play a significant role in generation of sliver 
grains, in contrast to the interdendritic fluid flow. Han et al.[65] 
investigated the elongation and overgrowth of slivers, as well 
as the evolutionary mechanism by which freckles develop into 
sliver defects. Their measurements revealed that due to thermal 
stress induced by solidification shrinkage of the liquid with a 
high solute content, the dendrite deformation occurs specifically 
in the freckle channel, rather than in the single crystal area. 
Therefore, it can be concluded that the freckles formed during 
directional solidification of superalloys can also affect the 
formation of slivers. In 2023, Xia et al.[71] indicated that when 
the solid fraction in a cross-section exceeds a critical threshold, 
the structural constraints imposed by adjacent dendrites prevent 
the formation of large-angle slivers, even if individual dendrites 
fracture. It was recommended that the estimated minimum solid 
fraction of the cross-section should be approximately 79%, and 
this figure will remain constant despite any thermal gradients. 
In another research conducted in 2023, Yang et al.[75] studied 
the sliver formation mechanism in the C-shaped grain selectors 
during directional solidification of a single crystal superalloy. 
They reported that sliver initiation occurs during the final stage of 
solidification, primarily in regions of grain selection where high 
thermal stresses accumulate. In a recent study in 2024, Yu et al.[76]

investigated the creep failure mechanism of sliver defects in 
a CMSX-4 single crystal superalloy. The results revealed a 
significant detrimental effect of slivers on the creep performance 
of single-crystal superalloys, with a 26.37% reduction in creep 
rupture life observed in samples containing slivers compared to 
defect-free counterparts. Fracture analysis showed that slivers 
primarily contribute to performance deterioration by promoting 
the extension of grain boundary microcracks through grain 
boundary sliding during the creep process, accelerating sample 
fracture. Utilizing crystal plasticity theory, they also suggested 
that for CMSX-4 alloy, the orientation of slivers should be 
restricted to within 8°. The latest relevant research has been 
conducted by Zhang et al[77]. They studied the evolution of sliver 
morphology in large-sized single-crystal superalloy blades. 
According to their experimental and simulation findings, the 
blade geometry can either obstruct or facilitate dendritic growth, 
which in turn drives the morphological evolution of slivers.

In the following, a detailed review of sliver defects will be 
conducted.

3 Review and discussion
3.1 Morphology and structure
According to the morphological features, Xu et al.[63] classified 
the sliver defects into three groups as follows: (1) a segment 
of dendrite arm that has developed into a subgrain; (2) an 
elongated misoriented dendrite; and (3) a developed grain 
including a cluster of misaligned dendrites that originated 
from a misoriented dendrite [Figs. 1(a-c)]. Zhang et al.[77] on 
the other hand, categorized these defects through a different 
classification: fixed-width, gradually increasing width, and 
gradually disappearing. Both categories are related to the 
morphology and evolution of dendrites.

Zhang et al.[77] demonstrated that the difference  in sliver 
morphology cannot be ascribed  to competitive dendritic 
growth, since  the misorientation angle between  the slivers and 
the matrix maintains consistently  low. They concluded that the 
geometry of  the casting can either hinder or promote dendritic 
growth, which  subsequently  influences  the morphological
development of slivers. However, some studies have attributed 
the sliver morphology to competitive growth. For example, 
Huang et al.[68] revealed that significant misorientation in the 
cross section promotes rapid propagation of slivers along the 
casting surface and into the interior. Such variation in dendrite 
branching can be  ascribed  to the interaction of  the  solute 
field from adjacent dendrites within the interdendritic  region. 
Furthermore, the competitive growth behavior between 
adjacent dendrites has been closely linked to the local solute 
distribution in these regions. The Peclet number for solute 
diffusion, denoted as Pc, which is related to the driving force of 
solute diffusion at the tip of the dendrite, was calculated using 
Eq. (1)[78, 79]:

                                     c
c                                   (1)

where V represents  the withdrawal rate, R denotes  the radius 
of  the dendrite tip, D  signifies  the diffusion coefficient, and 
δc refers  to  the solute field range. Solute field range δc 

is utilized to characterize the thickness of the solute diffusion layer 
ahead of the dendrite tip during directional solidification. The 
value of δc is  primarily  influenced by withdrawal rate V 
and diffusion coefficient D,  in  accordance with Eq. (1), 
and is expressed as follows:

                                        c                                        (2)

If the distance between adjacent dendrite tips diminishes  to 
the extent  that  the two solute fields  intersect, solute interaction
takes place and the growth of dendrites halts; that is, the
more pronounced  the solute interaction, the  less significant  the 
branching effect[79, 80]. In the slivers illustrated in Figs. 2(a) 
and (c), there is no extension of sliver on the casting surface.  In 
this case, there is a low misorientation between the secondary 
arms of sliver and matrix. This sliver do not  protrude on the 
casting surface and only develop within the casting gradually. 

According to Eq. (2), a solute field range δc of around 60 μm
was estimated ahead of the dendrite tip in most of Huang’s
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experiments[68]. They reported that if a significant misorientation 
(9.8°)  exists  between  the  sliver and  the  matrix  in  the 
cross-section of a casting, the distance between the secondary 
dendrite tips of  the  sliver and the matrix will increase to 
approximately 126 µm, thereby leading  to a diminished solute 
interaction. Moreover, considerable misorientation between 
the secondary arms also affords greater  spaces for dendrite 
branching.  Consequently, the dendrite branching at  the 
sliver/matrix interface is enhanced. The width of this sliver on the 
casting surface progressively increases, and the dendrites rapidly 
extend into the casting throughout the directional solidification. 
Schematic and macrostructural illustration of this branched sliver 
can be seen in Figs. 2(b) and (d), respectively.

As mentioned above, the relationship between sliver 
morphology and competitive growth can be expressed as 
follows: If the solute field of the matrix dendrite prevails over 
the sliver dendrite, the sliver can be overgrown by the matrix 
and it does not extend throughout the casting [Fig. 1(a)]. In 
case of strong interaction between the solute field of sliver 
and matrix, the sliver is able to extend along the solidification 
direction without a significant branching [Fig. 1(b)]. Finally, 
when the sliver’s solute field becomes stronger than the matrix, it 
overgrows the surrounding dendrites and forms a large, branched 
grain consisted of many dendrites [Figs. 1(c) and 2(b, d)].

It should be noted that the misorientation of the sliver and the 
matrix relative to the solidification direction has a significant 
effect on the solute field and consequently the morphology 
evolution of the sliver. This effect was also discussed in the 
previous paragraph. The misorientation of the slivers will be 
discussed in detail in Section 3.2.

Sometimes, slivers may be confused with other grain defects 
such as freckles. The distinctive feature of slivers is their low 
misorientation angle with respect to the matrix dendrites[68, 74]. 
Meanwhile, freckles appear in the form of randomly oriented 
equiaxed grains (severely misoriented)[53, 65, 81-83]. Therefore, 
by using texture analysis techniques such as electron 
backscattered diffraction (EBSD), slivers and freckles can be 
easily distinguished. However, due to the limited access to 
advanced structural analysis equipment in many cases, it is 
necessary to examine the macrostructural and microstructural 
differences between slivers and freckles. In Fig. 3(a), the 
macrostructure of a single crystal casting is illustrated. There 
are two slivers, Sliver 1 and Sliver 2, present in the extended 
zone between the grain selector and the casting. The starting 
point of the slivers is connected to a freckle defect. Therefore, 
freckles can lead to the initiation of the misoriented sliver 
grains. As illustrated in the high-magnification image in 
Fig. 3(a), the slivers manifest as deviated dendrites, whereas 

Fig. 2: Schematic (a) and macrostructural (c) illustration of a sliver with a constant width on the surface and gradually 
extending into the casting (low misorientaion, smaller than 9°, between the sliver and matrix); schematic (b) and 
macrostructural (d) illustration of a sliver with increasing width on the surface and extending into the casting (large 
misorientaion, 9.8°, between the sliver and matrix)[68]

(a) (b) (c) (d)

Fig. 1: A segment of dendrite arm that has developed into a sliver defect on the blade convex surface (a), elongated 
misoriented dendrite near the blade leading edge (b), and a developed grain including a cluster of misaligned 
dendrites originated from a misoriented dendrite on the blade concave surface (c)[63]
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Fig. 3: Macro-etched morphology of a single crystal superalloy casting (a), and orientation map and corresponding 
                   IPFs for the casting in Y0 (b), X0 (c), Z0 (d) directions[65]

(a) (b) (c)

(d)

(a) (b)

(c) (d)

Fig. 4: Schematic illustration and optical image of a 
freckle chain (a, b)[16], and a sliver defect (c, d)[65, 69] 
in a single crystal superalloy

freckles appear as dark regions[65]. Some optical micrographs 
of freckle[16] and sliver[65, 69] defects in single crystal superalloys 
are shown in Fig. 4. As can be seen, slivers are individual and 
keep their dendritic configuration, while freckles consist of 
fragments of broken dendrites that are observed as a chain 
along the solidification direction (gravity). Another way to 
distinguish freckles from slivers is to use energy dispersive 
X-ray spectroscopy (EDS). Freckles are usually rich in 
low melting point compounds. As a result, their chemical 
composition is similar to the interdendritic regions and eutectic 
islands[44, 81]. However, there is no report of difference between 
the slivers and matrix alloy composition.

3.2 Misorientation
In the literature, sliver defect has been typically mentioned 
as a low-angle misoriented grain[66, 68]. Huo et al.[84] reported 

that sliver defects introduce longitudinal low-angle grain 
boundaries (LABs) during solidification. Figures 3(b-d) depict 
the crystallographic texture within the magnified figure on the 
lower left corner of Fig. 3(a). Deriving from the inverse pole 
figure maps (IPFs), different features such as single crystal, 
Sliver 1, Sliver 2, and freckle grains have been colored based 
on their crystal orientations with respect to the directions of 
Y0 [Fig. 3(b)], X0 [Fig. 3(c)], and Z0 [Fig. 3(d)]. The results 
show that the freckles have random orientations that differ 
greatly from the orientation of the single crystal. The primary 
crystallographic orientation of Sliver 1 closely aligns with that 
of the single crystal along the Y0 growth direction (solidification 
direction), but significant misorientation is observed in the X0 
and Z0 transverse directions (perpendicular to the solidification 
direction). In other words, Sliver 1 turns on its axis in the 
solidification direction more than it tilts relative to the single 
crystal. Figures 3(b-d) illustrate that Sliver 2 has a greater 
inclination and rotation angle compared to the single crystal, as 
depicted in the IPFs. Misorientation angle range of the slivers 
and freckles in Fig. 3 were reported 3°-18° and 15°-57°,
respectively[65]. To gain a better understanding of the crystal 
misorientation of slivers, the results of a number of research 
works are presented in Table 1. According to the resulted data, 
the misorientation angle of slivers varies from 3° to 18°.

Transmission electron microscopy (TEM) can provide 
insights into misorientation of grain defects in single crystal 

Table 1: Crystal misorientation of slivers in the literature

Sliver misorientation angle Reference

3°-18° [65]

3.5°-9.8° [68]

<10.05° [66]

<15.5° [71]

6.5°-13.9° [74]

3.2°-12° [63]
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3.3 Formation mechanism
Various mechanisms have been proposed for slivers formation. 
These mechanisms are listed in Table 2. In a previous study 
on forecasting a process window for investment casting of 
single crystal superalloys, slivers were descried as stray 
grains caused by unwanted nucleation in the undercooled 
melt at the interface of solid/liquid due to unfavorable process 
conditions[85]. It has also been stated that slivers usually come 
from defects on the inner surface of ceramic moulds, and 
the formation of stray grains may be due to heterogeneous 
nucleation promoted by mould surface defects[17]. Nevertheless, 
examination of the crystal structure of the slivers in subsequent 
studies[63, 74] disproved the nucleation hypothesis. Because, 
most of the sliver grains show little deviation from the matrix, 
while the nucleated grains are typically randomly oriented[63].

Dendrite fragmentation (detachment/fracture/tearing) as well 
as dendrite deformation are the most dominant mechanisms 
for the formation of slivers in single crystal superalloys. 
Some studies have considered the dendrite fragmentation as a 
sliver formation mechanism[63, 69, 71]. However it seems that the 
hypothesis of dendrite deformation is more acceptable in the 
literature[64-68, 74, 75]. Literature review shows that both hypotheses 
can be authentic for explanation of the slivers formation. 
It should be noted that despite the possibility of dendrite 
fragmentation during the formation of slivers, their deviation 

Table 2: Sliver formation mechanisms

Sliver formation mechanism Reference

Heterogeneous nucleation (on the 
mould wall, oxide layer, etc.) [17], [85] 

Dendrite-fragmentation/detachment/
fracture/tearing [63], [69], [71]

Dendrite deformation [64–68], [74], [75]

Fig. 5: TEM image displaying the grain boundary (GB) (a) and SAED pattern corresponding to the GB 
region indicated by the white circle in (a) (b) [63]

from the matrix crystal growth direction is limited[63, 69, 71]. 
While, in the freckle formation mechanism, the fragmented 
dendrites are immersed in the melt and form a chain (trail) of 
stray grains with random crystal orientation[86-88].

Ma et al.[69] examined the origin of dendrite fracture 
(fragmentation) in a single crystal superalloy casting. Figure 6(a)
shows a sliver grain on the surface of a blade casting after 
macroetching. Through the magnification of the microstructure 
in Figs. 6(b-d), one can see that a sliver crystal originates 
from the fracture that occurred during the growth of a certain 
columnar dendrite. The dendrites at the lower part of the 
fracture surface exhibit the same orientation as the surrounding 
dendrites and are a part of the single crystal matrix structure. 
In the high-magnification view of Fig. 6(d), it can be found 
that the fracture originating from the sliver grain is filled with 
a thin film-like structure. This is because the gap formed after 
the dendrite is filled with the low-melting-point residual liquid 
between the dendrites. These residual liquids in the final stage of 
solidification are enriched with positively segregated elements 
(e.g. Ti, Al, and Ta), therefore, this liquid film finally solidifies 
into a γ' phase structure, which is significantly different from the 
matrix structure on both sides of the fracture surface. From the 
SEM image in Fig. 6(e), it can be confirmed that this continuous 
fracture zone is rich in γ' phase (eutectic structure) and has been 
generated directly from the residual liquid.

Xu et al.[63] indicated that dendrite fragmentation is caused by 
macroscopic and microscopic nonuniform stresses. They also 
proposed that in the mushy zone during solidification, dendrite 
fragmentation occurs easily instead of undergoes significant 
plastic deformation. Therefore, the dendrite fragmentation 
is a consequence of insufficient dendrite plasticity in the 
mushy zone. However, most researchers[64-68, 74, 75] consider 
dendrite deformation as the basic mechanism of sliver defect 
formation. Aveson et al.[89] utilized synchrotron X-ray imaging 
to study the in situ dendrite deformation during directional 

superalloys. The results of TEM analysis of the boundary 
region between sliver and matrix in a single crystal casting is 
illustrated in Fig. 5[63]. The grain-boundary can be seen inside 
the white circle region in Fig. 5(a). The selected area electron 
diffraction (SAED) pattern of the grain-boundary is represented 

in Fig. 5(b). The result suggests that the grain-boundary
exhibits a 5.7° misorientation about the [001] direction. This 
reveals that the dendrite trunk has undergone rotation during 
the solidification process, ultimately leading to fragmentation 
and the formation of a sliver defect[63].
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solidification of a Ni-based superalloy. They observed that 
dendrite deformation could be accomplished through various 
mechanisms. Permanent and transient deformations, as well 
as local  and cumulative  deformations, were observed.
Although some deformations could be directly attributed to
the gravitational  loading of the dendrites, other modes of 
deformation  appeared to result  from other transient stresses. 
Figure 7(a) illustrates the radiographs of the growing dendrites. 
In the first radiograph, four dendrites are labeled. In the 
starting frame, the dendrites are aligned in a parallel manner. 
However, in the following pictures, Dendrite 3 deviates from 
the other dendrites. The bending happens erratically and 
is concentrated at a point around one-third of the image’s 
height[89]. According to previous experimental and numerical 
studies, dendrite deformation occurs in three dimensions and 
involves mechanisms such as bending and torsion[63, 66, 89]. A 
schematic representation of the dendrite deformation modes 
can be seen in Fig. 7(b).	

3.4 Factors contributing to sliver initiation
Dendrite misorientation and sliver defect formation are widely 
attributed to localized stresses imposed on dendrites during 
directional solidification[63-69, 71, 74, 75, 90]. The non-uniform stresses 
can eventually lead to fracture (fragmentation)[63, 69, 71] or plastic 
deformation of dendrites[64-68, 74, 75]. Various factors can influence 

Fig. 7: Chronological order of the radiographs illustrating the correlation between dendrite deformation and the 
growth kinetics of dendrites (a), and schematic representation of a primary dendrite arm labeled with dendrite 
deformation modes (bending and torsion) (b)[89]

(a) (b)

the intensification of the stress non-uniformity on dendrites and as 
a result, deviation in dendrite growth direction and the presence of 
the sliver grain defects in the casting. In the following subsections, 
the most important factors contributing to the formation of slivers 
in single crystal superalloys will be described.

3.4.1 Inclusions
Inclusions have a significant impact on the fatigue life of both 
cast and wrought alloys when subjected to cyclic loading 
conditions within the elastic range[91]. The different types, 
origins, and formation mechanisms of inclusions in Ni-based 
superalloys are a result of the intricate preparation process and 
high degree of alloying[92]. These impurities primarily originate 
from raw materials, refractory components used during melting 
or casting, and in-situ nucleation during the solidification 
process[93]. According to their sources, inclusions in Ni-based 

superalloys can be classified into endogenous and exogenous 
inclusions. Endogenous inclusions are formed when impurity 
elements (e.g. oxygen, nitrogen, sulfur) in the melt react with 
active elements and form through precipitation, collision, 
and aggregation processes during solidification. Exogenous 
inclusions are caused by the peeling of refractory material in 
the bottom of the mould or the peeling of a crucible[94]. There 
is not a consensus about the role of inclusions in the sliver 
formation. While, according to Aveson’s research[74], oxides 
play no role in the sliver formation. Some studies[63, 69, 71, 95] 
have considered oxide inclusions as a possible origin of sliver 
defects. Previous studies[63, 69, 71] have indicated that in cases 
where oxide inclusions are implicated in sliver formation, 
dendrite fracture (or fragmentation/tearing) is generally 
considered the dominant mechanism of sliver generation. In 

 Fig. 6: A sliver defect originated from dendrite fracture 
(fragmentation): (a) macrostructure; (b-d) optical 
micrographs; and (e) SEM micrograph illustrating 
the microstructure of the sliver origin[69]

(a) (b) (c)

(d) (e)
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addition, occurrence of inclusions during solidification can 
lead to local stress concentration[96], which may result in a 
brittle dendrite fracture rather than plastic deformation.

Figure 8(a) shows a sliver grain on the surface of a single 
crystal blade. There are multiple Pt pinning wires on the blade 
surface forming hulls, but the sliver crystals have not been 
generated at these locations. They originated from a smooth 
surface. It should be noted that pinning wires are used during 

mould preparation and investment casting of the blades  for 
reliable manufacture of the cooling channels. Their primary 
function is to maintain the position of the ceramic cores during 
mould preparation and casting. After metallography of the 
specimens, large groups of oxide inclusions are found at the 
origin of the sliver defects [Figs. 8(b, c)]. It is believed that 
these inclusions greatly weaken the strength of the dendrites and 
cause the dendrites to tear during solidification shrinkage[69].

Xu et al.[63] and Xia et al.[71] reported the simultaneous 
presence of inclusions and pores (voids) as a potential origin 
of sliver initiation. In Fig. 9(a), a longitudinal sliver with 
oxide inclusions and porosities is visible on the surface of the 
casting. Figure 9(b) shows the SEM image of a common pore. 
It can be seen that the microstructure is divided by the pore and 
then partially joined back together. A complex microstructure 
characterized by coarse γ' precipitates, oxide inclusions, and 
microcracks can be observed in the rejoined area, as illustrated 
in Fig. 9(c). EDS map reveals the presence of alumina oxides, 
which could originate from mould surface or oxide films 
formed during casting [Fig. 9(d)]. Microstructural tearing is 
observed in the separation area close to the pore. In Fig. 9(e), 
the presence of a crack with a rough interface indicates that it 
formed after solidification due to thermal stresses generated 
during the cooling process. Additionally, the inner surface of 
the pore is covered with numerous spherical particles, which 
are believed to be low-melting-point phases formed during the 
final stage of solidification. This morphology indicates that the 
pores formed during the solidification process [Fig. 9(f)]. These 
observations indicate that dendrites may experience intricate 
stress during solidification in the presence of inclusions and 
pores, potentially leading to dendrite fragmentation due to the 
induced stress concentrations[63].

The pore morphologies at the starting point of the sliver 
defects formed during solidification of a RenéN5 single 
crystal superalloy are shown in Figs. 10(a1-c1). From the 
composition and orientation analysis result of Figs. 10(a1-a3),
it can be seen that the voids (pores) mainly consist of O and 
Al, which are the primary elements of oxide inclusions in 
nickel-based superalloys. An additional EPMA examination 

has been conducted on the remaining two sliver pores. It is 
observed in Figs. 10(b2, c2) that, except for Al and O, the 
defects also exhibit unexpected enrichment of other two 
elements, C and Si. The RenéN5 superalloy does not contain 
any Si element, and the C element present is only around 
0.05wt.%, which is not sufficient to cause such significant 
enrichment. These elements are not sourced from the master 
alloy. In contrast, the primary components of the shell 
materials in this study are Al, O, Si, and C elements. The 
composition distribution in the pores shown in Figs. 10(b2, c2)
is also consistent with these four elements. In addition, 
based on the EDS findings in Figs. 10(b3, c3), the pores 
and inclusions show significant enrichment of Si and C 
elements, while their presence in the surface area is minimal. 
Consequently, the pores and inclusions that result in sliver 
defects, are directly associated with the mould shells[71].

Therefore, to avoid the formation of inclusions, as a 
factor contributing to sliver formation during directional 
solidification of superalloys, it is necessary to take the following 
considerations: (1) establishment of high vacuum during 
casting to minimize gas content within the melt; (2) maintain 
stability of the refractory materials (crucible and mould).

3.4.2 Solidification pores (voids)

During the solidification process, porosity formation is an 
inevitable phenomenon, as its compensation through interdendritic 
liquid flow is difficult[97]. This can significantly affect the thermal 
and mechanical properties of the castings[98-100]. In addition, 
some studies have considered the pores (voids) as a factor 
contributing to the sliver initiation[63, 71]. In Figs. 9 and 10, 
it could be seen that the pores and inclusions might be 

Fig. 8: Macrograph of a sliver defect at a single crystal blade surface (a), and optical micrographs of the sliver 
showing an oxide incusion as the sliver origin (b, c)[69]

(a) (b) (c)
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interconnected to each other. Xia et al.[71] classified the sliver 
defects based on the presence of voids at the initial position of 
the defect. As reported in their study, out of eight sliver defects 
identified in the castings, two were found to originate from 
voids located in the initial region. The authors noted that most 
slivers exhibited misorientation angles of less than 8°, with the 
exception of the two slivers initiated at voids, which showed 
significantly higher orientation deviations of 15.5° and 10.5°, 
respectively. Therefore, it can be concluded that the presence 

of voids during solidification can facilitate the dendrite 
fragmentation and lead to the formation of slivers with a 
higher deviation angle. This can be connected to the high local 
stress concentration in the voids (pores) region[101]. At the same 
time, the presence of inclusions nearby the voids can intensify 
the stress concentration. Figure 11 shows the macro and 
micro-graphs of the sliver defects in a single crystal superalloy 
from Ref. [71]. Figures 11(d, e) demonstrate the OM and SEM 
images of the sliver initiation area. According to the irregular 

Fig. 9: Optical micrograph of a sliver defect (a), SEM micrograph of a solidification pore (void) (b), higher magnification 
image of the rejoined area in (b) (c), EDS results revealing O and Al distribution for the area shown in (c) (d), 
interface of the crack displaying microscopic tearing (e); and the inner surface of a pore (f)[63]

Fig. 10: Backscattering and secondary SEM images of the pores (voids) at starting point of sliver defects (a1-c1), EMPA 
results on pores (a2-c2), EBSD map of sliver defects (a3), EDS results for the marked area (b3, c3) [71]

(a) (b) (c)

(d) (e) (f)
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morphology of the void in Fig. 11(e), it can be considered as a 
solidification (shrinkage) micro-pore[98].

Plancher et al.[102] studied the mechanisms of pores formation 
during solidification of a Ni-based superalloy utilizing 
4D synchrotron microtomography. They identified two 
mechanisms resulting in the shrinkage pores. Mechanism A
is linked to the merging of secondary dendrite arms at a 
high temperature in the initial solidification stage. While, 
Mechanism B is connected to a lack of liquid feeding in the 
interdendritic area at lower temperatures towards the end of 
solidification. They also characterized the kinetics of individual 
pore growth, and proposed that Mechanism A exhibits 
faster kinetics than Mechanism B. In addition, a variation 
of cooling rate does not influence the nucleation kinetics of 
pores formed through Mechanism B. However, it appears 
to impact the nucleation rate of the fine pores produced by 
Mechanism A. Consequently, one can say that the formation 
of shrinkage pores during solidification is inevitable. However, 
by optimizing the solidification parameters, the pores content 
may be reduced to some extent. The formation of porosity 
is largely influenced by three factors: thermal gradient (G),
withdrawal rate (R) of the mould, and the alloy shrinkage 
factor[97, 98]. Thermal gradient and withdrawal rate are the most 
critical solidification parameters that affect the final structure 
of the directionally solidified components. By optimizing 
these parameters, it is possible to achieve the finest dendritic 
microstructure with the minimum amount of solidification 
defects[103-108]. It is important to point out that, during directional 
solidification process, a high thermal gradient is always 
desirable. By increasing the thermal gradient, the withdrawal 
rate can be increased without creating critical solidification 
defects such as freckles[60, 106, 109]. In general, by increasing G 

and R, the solidification (cooling) rate will be enhanced and a 
finer dendritic structure will be obtained in the casting[9]. The 
resulting fine dendritic structure can limit the interdendritic 
space and eventually a finer distribution of pores will appear in 
the structure[20, 98]. It seems that no study has been conducted on 
the alloy shrinkage factor as the third effective parameter in the 
formation of shrinkage pores, with an emphasis on superalloys.

3.4.3 Geometrically complex areas

Single crystal components generally possess complex 
three-dimensional geometries such as curved surfaces (convex 
and concave surfaces), rejoined platforms, cooling holes, grain 
selectors, and extended sections. These geometrical complexities 
can lead to a local stress concentration during solidification. 
Therefore, dendrite deformation and dendrite fragmentation are 
more likely to occur in these areas[63, 66, 67, 75, 110].

Huo et al.[67] studied the sliver formation in the extended 
cross-section platforms during solidification of a single crystal 
superalloy. To prepare the single crystal castings, a configuration
with five rejoined platforms was utilized [Fig. 12(a)]. They also 
used ProCAST software for finite element analysis to model 
the casting process, showing the thermal profile and evaluating 
the transient stresses occurred during directional solidification. 
Figures 12(b-f) display the effective stresses at various heights 
as the liquidus (white line, 1,399 °C) and solidus isotherm 
(black line, 1,342 °C) move. In Fig. 12(b), the platform does 
not experience any stress at 2,041 s because the metal is still 
in a liquid state. Twenty seconds later, a slight stress of 4 MPa
was applied to the section extension area, as shown in 
Fig. 12(c). As the solidification front advances, the effective 
stresses at this location steadily rise, with the maximum 
effective stress exceeding 30 MPa, as depicted in Figs. 12(d, e).

Fig. 11: Morphology of sliver defects on three different single crystal components: (a) blades; (b) cuboid 
castings; (c) cylindrical castings; (d) optical micrograph of a sliver defect; and (e) SEM image of a 
pore (void) at the initial region of sliver[71]
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Interestingly, there is no visible stress at the center of the 
platform until the solidus line shifts to the location shown in 
Fig. 12(f). As the solidification process progressed, stress could 
arise in the central region; however, by that time, the dendritic 
growth had already been completed. Consequently, this 
late-occurring stress did not influence dendrite growth itself, 
although dendrite deformation was still observed to occur in 
the mushy zone. The development of stress field facilitated 
the generation of bending moment and torque in the section 
extension region. As a result, stress concentrations in the 
geometrically complex areas, including rejoined platforms, can 
lead to sliver formation in these regions.

Moreover, Fig. 13 shows how the thermal field of the 
platform changes as the solid-liquid interface advances. 
Clearly, when the solid-liquid interface reached the platform 
region, it transitioned from being flat to having a curved shape. 
The interface slanted towards the inside and created a tilt at 
the section extension area, as depicted in Figs. 13(a) and (b). 
In simpler terms, it was observed that heat extraction in this 
region occurred predominantly in the lateral direction. This 

   Fig. 12: Schematic of the sample with five rejoined 
platforms (a), and variation in total effective 
stress during solidification process as the 
liquidus (white line) and solidus (black line) 
move forward in a platform: (b) t=2,041 s; 

	 (c) t=2,061 s; (d) t=2,081 s; (e) t=2,121 s; and 
	 (f) after solidification[67]

Fig. 13: Evolution of thermal field and solid-liquid interface 
shape in the platform during solidification of a 
single crystal superalloy: (a) t=2,061 s; (b) t=2,071 s; 
(c) t=2,081 s; (d) t=2,091 s; (e) t=2,111 s; (f) t=2,121 s; 
(g) t=2,151 s; (h) t=2,181 s; and (i) t=2,191 s[67]

condition favored the easy development of secondary dendrite 
arms. Afterwards, the solid-liquid interface was less inclined, 
as depicted in Figs. 13(c-e), and ultimately became more 
flat, as can be seen in Figs. 13(f-i). Moreover, the thermal 
distribution in the section extension area was inhomogeneous, 
which could lead to stress concentration. This is attributed to 
the difference in thermal contraction coefficients between the 
mould and the molten metal, resulting in inherent contraction 
stresses during solidification and cooling[67].

Xu et al.[63], in their work, studied the effect of airfoil 
geometry on sliver formation. The cross section along the blade 
vertical axis featured a consistent twist from the airfoil tip to 
the bottom. In the airfoil section of the blade depicted in Fig. 1,
the typical cross-sections (S1 and S2) are arranged along the 
vertical axis of the blade (Z) from top to bottom [Fig. 14(a)].
It can be observed that the twist caused the leading edge 
contour to shift towards the side of the convex surface, with a 
minimal change in the position of the trailing edge [Fig. 14(b)].
During directional solidification, the preferred grain is 
typically started from the tip of the blade, with the withdrawal 
direction aligned parallel to the vertical axis of the blade. It 
is unavoidable for dendrites to contact with the mould wall 
during growth due to the constraints imposed by the airfoil 
geometry. In a typical longitudinal cross-section (S3) parallel 
to the vertical axis, an inclination was observed on the airfoil 
surface [Fig. 14(c)]. When the primary dendrites grow in 
alignment with the vertical axis, a converging interface will 
develop on the convex surface, and a diverging interface will 
form on the concave surface. These converging and diverging 
angles are represented by α and β, respectively [Fig. 14(c)]. 

Fig. 14: Schematic of a common blade (a), cross-sections (S1 and S2) (b), and longitudinal 
              section (S3) (c) of a turbine blade[63]
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This model suggests that the formation of sliver is more likely 
on the convex surface due to the vulnerability of dendrite 
deformation at the converging interface. Formation of the 
sliver defects near the leading edge on the convex surface, 
as seen in Fig. 1(a), matched the prediction due to dendrite 
deformation vulnerability at the converging interface. In this 
region, the local dendrite growth direction converged slightly 
towards the mould wall. Additionally, the dendrite deflection 
and sliver formation can be influenced by factors such as grain 
orientation, solid-liquid interface morphology, and dendrite 
arm size. Therefore, the sliver defects could occur at the 
concave surface, as depicted in Fig. 1(c), when the selected 
grain orientation significantly deviates to this surface (the 
interface becomes converging).

Yang et al.[75] studied the sliver formation in C-shaped 
grain selectors during investment casting of a single crystal 
superalloy. They announced that the origin of sliver depends 
upon tensile stress during solidification, relying on the 
constraints of dendrite boundaries. They also suggested 
that the joint sections of the starter block, i.e., selector and 
selector-casting joint of C-shaped selector sections, are 
stress-sensitive areas where sliver can form readily. As shown 
in Fig. 15, there is a sliver in the necking channel between the 
C-shaped selector and the casting. One can deduce that when 
the solid-phase isotherm passes through the necking channel, 
stress gathers in the channel, and when the stress value is 
more than the yield strength of superalloy near the solidus, 

dendrite deflection occurs, resulting in the occurrence of slivers. 
Therefore, grain selectors can be considered as potential sites for 
the initiation of sliver defects.	

3.4.4 Mould wall

Detailed examination by Huang et al.[64, 68] revealed that 
slivers could originate from the localized deformation of 
one to two dendrites near the mould wall at the diverging 
boundary, with thermal contraction force being a key factor 
in its formation. Other studies also have mentioned the mould 
wall as a facilitating factor for sliver formation. The primary 
cause of this outcome has been considered the varying thermal 
contraction coefficient between the mould material and the 
liquid metal[69, 71, 74]. The schematic illustration suggested by 
Ref. [64] (Fig. 16) shows how the sliver defect is formed due 
to thermal contraction. In Fig. 16(a), it can be observed that 
three tertiary dendrite arms (I, II, and III) are developing from 
a secondary dendrite within the mushy zone. This occurs when 
a primary dendrite deviates from the direction of directional 
solidification process due to a change in casting geometry, 
and dendrite bridging forms (indicated by the red circles). In 
the meantime, thermal contraction causes downward (Fz) and
inward (Fx) forces on the solidified dendrites in the mushy 
zone due to the geometric restrictions of the ceramic mould, 
as shown in Fig. 16(b). These forces can be resolved into 
components along (Fc and Fd) and perpendicular (Fa and Fb)
to the dendrite axis, respectively. One can see that the forces 

Fig. 15: Illustration of longitudinal dendrites of sliver in the necking channel of a casting solidified 
by C-shaped grain selector[75]

Fig. 16: Schematic representation of sliver defect formation mechanism: (a) evolution of new dendrite close to the 
mould wall and occurrence of dendrite bridging; (b) dendrite deformation caused by unbalanced force 
resulting from thermal contraction; (c) sliver defect arisen from the deformed dendrite growth[64]

(a) (b) (c)
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Fc+Fd will cause the dendrites to move downwards relative to 
the dendrite axis, while the forces Fa+Fb will be transmitted 
between the connected dendrites. Dendrite II is under the 
influence of forces F12 and F32 from Dendrites I and III, 
but it will remain undeformed due to the balance of forces. 
Likewise, Dendrite III experiences balanced forces F23 and 
F43 from Dendrites II and IV (not shown in Fig. 16), with no 
deformation occurring within it. However, the lower section 
of Dendrite I close to the mould wall is prone to undergoing 
mechanical deformation; because the force F21 (F21=Fa+Fb) 
exerted by neighboring Dendrite II is unbalanced, resulting in 
misorientation (θ) between Dendrites I' and II (or III). There is 
no connection (bridging) between the secondary dendrite arms 
on the top section. Therefore, it is anticipated that there will 
be no deformation in this region. Figure 16(c) illustrates that 
the lateral growth of Dendrite I' inherits the misorientation (θ),
but without strain. The growth of the deformed Dendrite I'
persists, branching out at the diverging boundary until a sliver 
defect is ultimately formed. It can be believed that only the 
dendrites that have well-established branches (increased 
bridging leading to stress transmission) at the diverging 
boundary may develop into sliver. On the other hand, a more 
aligned [001] dendrite axis with reduced branching will have a 
lower possibility of creating slivers. Additionally, the reduction 
of thermal contraction force is also a crucial factor, achieved 
through modifying mould materials and processing[64].

Xia et al.[71] found that during the solidification process, if 
a dendrite comes across a protuberance on the shell (mould) 
surface, it will keep growing and eventually wrap the 
protuberance (Fig. 17). Hence, a vulnerable region will be 
created by a dendrite, which is easier to fracture when exposes 
to stress compared to other areas. During solidification 
process, the alloy has a greater amount of shrinkage compared 
to the shell material. Due to the varying shrinkage rates of the 
dendrite and shell protuberance, a high stress region forms at 
the bulge of the mould shell, leading to increased susceptibility 
of dendrite fracture and greater orientation deviation. 
Accordingly, it can be concluded that the surface quality of the 
wax pattern as well as the ceramic shell is of great importance 
as the presence of any surface protuberance can lead to the 
appearance of grain defects, including slivers.

3.4.5 Freckles
Freckles are a group of well-known detrimental grain defects 
leading to a high-rate rejection of directionally solidified 
components (both columnar grain and single crystal parts)[111-113].
Meanwhile, slivers, as a group of low-to-medium angle grain 
defects have been noticed in recent years, and their formation 
mechanisms in single crystal superalloys have been studied.

Han et al.[65] revealed that in the extended area of single 
crystal castings, freckles can lead to the generation of sliver 
defects. The evolution of freckles into sliver defects is shown in 
Fig. 3. In addition, the evolution of a freckle defect into a sliver 
grain is schematically depicted in Fig. 18. During directional 
solidification, thermal stresses can develop within freckle 
channels due to solidification shrinkage of the solute-enriched
region. The dendrite deflection and rotation arisen by this 
thermal contraction force on the bottom of the dendrite arm 
near the freckle channel, as well as further development of 
the deformed dendrite, can lead to the formation of a sliver 
grain. A potential evolutionary link between freckles and sliver 
defects has not been previously reported in the literature.
Therefore, further research is needed to gain a deeper insight 
into this mechanism.

Fig. 17: Schematic of sliver formation mechanism 
induced by mould shell protuberance: 
(a) morphology of the shell protuberance 
wrapped by a dendrite; (b) stress condition 
at the shell protuberance and dendrite[71]

Fig. 18: Schematic illustration of the evolution of freckle 
defects into sliver grains[65]

3.5 Effect of slivers on mechanical properties
In general, the presence of any grain defects that decrease the 
integrity of a single crystal casting can affect its mechanical 
properties[114-121]. As mentioned in the previous sections, 
slivers are a group of grain defects with low-to-medium 
angle misorientations that can form through two primary 
mechanisms: dendrite deformation and dendrite fragmentation. 
Huo et al.[84] reported that a type of longitudinal low-angle 
boundaries (LABs) is introduced by the sliver defects. Effects 
of grain misorientation on the mechanical properties of single 
crystal superalloys have been investigated by many researchers. 
Li et al.[118] investigated the effect of misorientation on the 
fatigue life of a DD5 single crystal superalloy. They carried out 
the fatigue tests of the samples with different misorientation 
angles in the range of 3.85°-12.1° at 980 °C. The results 
confirmed that with an increase in misorientation angle, the 
fatigue life decreases. Furthermore, the orientation sensitivity 
of fatigue life is affected by stress level, and it is more 
sensitive to misorientation at a low stress. Huang et al.[122]

concluded that when the misorientation angle is larger than 10°,  
μ phases can precipitate at grain boundaries and consequently, 
deterioration of the mechanical properties is expectable. In 
addition, Li et al.[119] reported that low-angle boundaries (LABs) 
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clearly impact the creep rupture life of a single crystal superalloy 
at elevated temperatures. This is attributed to the strong role of 
diffusion in the creep deformation at high temperatures, so that 
a great number of microcavities can be seen in the creep rupture 
specimens. Growth and inter-linkage of these intergranular 
microcavities lead to crack propagation and finally fracture of 
the specimens[123].

According to the above-mentioned considerations, it can 
be expected that due to the inherent misorientation of the 
slivers, the presence of these defects will lead to a decline in 
mechanical properties. However, Yu et al.[76] has conducted 
the only recent research on the mechanical properties of the 
castings containing sliver defects. They conducted a detailed 
study on the sliver defect in the second-generation Ni-based 
single crystal superalloy CMSX-4, focusing on its influence on 
creep performance at 980 °C/250 MPa. For this purpose, they 
prepared single crystal specimens containing sliver defects in a 
vacuum directional solidification furnace using the spiral crystal 
selection technique. To minimize other factors’ interference, 
specimens with and without sliver defects were cut from the 
same specimen, as shown in Fig. 19(b). The macroscopic 
morphology of the sliver defect is illustrated in the arrow part 
of Fig. 19(c). The grain orientation test results in the gauge 
section of the stress-rupture specimens are shown in Fig. 20. It 
is evident that the gauge section of the specimen without a sliver 
defect consists of a [001]-oriented single crystal. In contrast, 
the gauge section of the specimen containing a sliver defect is 
penetrated by a misoriented sliver crystal. The creep-rupture
(stress-rupture) tests were conducted under experimental 
conditions of 980 °C/250 MPa, and the creep-rupture properties 
of the specimens without sliver and with sliver after heat 
treatment are listed in Table 3. Sample 1, without sliver in 
the gauge section, shows a creep rupture life of 143.35 h, an 
elongation of 16.00%, and a reduction in cross-sectional area 
of 9.98%. Sample 2, with sliver in the gauge section, exhibits 

a creep rupture life of 105.55 h, an elongation of 5.20%, and a 
reduction in cross-sectional area of 5.88%. The experimental 
results revealed a considerable decline in creep rupture 
properties and a reduction in elongation for the specimens with 
sliver compared to their counterparts without sliver.

Yu et al.[76] also simulated the influence of different orientations 
of sliver defects on the creep-rupture life of a CMSX-4 
superalloy under the same conditions (980 °C/250 MPa).
As illustrated in Fig. 21(a), the simulation results demonstrate 
that as the misorientation of the sliver respect to the matrix 
increases, the creep life of the specimen decreases. When 
the misorientation is within the range of 0°-5°, its impact on 
the creep life is relatively small. For a misorientation of 5°, 
the creep life only decreases by 6% compared to that with a 
misorientaion of 0°. However, when the misorientation reaches 
15°, there is a considerable decline in creep life, with a reduction 
of 47%. Using Origin software, they also fitted experimental 
and simulated data. They adopted an 80% standard for creep 
fracture life, to determine the damage tolerance of slivers. The 
fitting results, illustrated by the red line in Fig. 21(b), suggest 
that, for the nickel-based single crystal superalloy CMSX-4, 
under conditions of 980 °C/250 MPa, the damage tolerance of 
sliver is around 8°.

Li et al.[118] studied the effect of misorientation on the 
fatigue life of a DD5 single crystal superalloy. They reported 
that with an increase in misorientation angle, the fatigue 
life decreases. Furthermore, the orientation sensitivity of 
fatigue life is affected by stress level, and it is more sensitive 
to misorientation at a low stress. The results of fatigue test 
are presented in Fig. 22. A total of 17 valid data points were 
collected, with the exception of one from Group A subjected to a 
load of 640 MPa, which was excluded due to specimen damage 
resulting from improper handling. Overall, it is observed 
that the fatigue life of Group A, characterized by a smaller 
misorientation (5°), exceeds that of Group B, which has a 

  Fig. 19: Schematic diagram of the creep-rupture test specimens (a), creep-rupture specimens with and 
without sliver defects (b), and morphology of the sliver grain in the gauge section (c)[76]

Fig. 20: EBSD results for creep-rupture specimens: 
                     (a) without sliver; (b) with sliver[76]

Table 3: Creep-rupture properties of samples with and 
without sliver grains after heat treatment at 

	 980 °C/250 MPa[76]

Sample No. Rupture life 
(h)

Elongation 
(%)

Area reduction
 (%)

1 (without sliver) 143.35 16.00 9.98

2 (with sliver) 105.55 5.20 5.88

Unit: mm
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relatively larger misorientation (10°). The data indicates that the 
sensitivity of fatigue life to orientation is affected by the stress 
level. Specifically, fatigue life demonstrates greater sensitivity 
to orientation at lower stress levels of 710 MPa and 640 MPa, 
while this sensitivity diminishes at 765 MPa. This implies 
that fatigue anisotropy is not notable within the investigated 
misorientation scope when the plastic activity is enhanced 
under a high load[118]. However, considering that the stress 
applied to the actual turbine blades during operation of turbine 
engines is lower than the values presented in Fig. 22[124, 125],
it can be concluded that the presence of any misorientation 
defects, specially the slivers, in the blade structure can greatly 
affect the fatigue properties of single crystal blades.

3.6 Sliver prevention
Unlike some other defects, specially freckles, for which criteria 
have been proposed to prevent their formation in single crystal 
superalloy castings[55, 113, 126-129], no technique or criterion has been 
suggested to completely eliminate the slivers from superalloy 
components. The formation and evolution mechanisms of 
this defect are intricate, which involve contraction stress, 
temperature field, casting geometry, crystal orientation, melt 
quality, other solidification defects, and so on. Eliminating the 
sliver defects is still a challenge for manufacturers. However, 
the presence of these defects in single crystal castings can be 
minimized by reducing or eliminating factors that facilitate 
sliver formation and evolution. For instance, it is essential to 

maintain strict control over the quality of the mould, particularly 
the inner surface, which should remain smooth and free of 
contaminants to avoid localized stress during the solidification 
process. Additionally, it is crucial to minimize oxide inclusions 
during the melting and pouring processes. This is directly 
dependent on the quality of both the mould and crucible[130-132], 
as well as the master alloy ingot. Moreover, controlling the 
curvature of solidification front during casting can reduce the 
intensification of local stress fields on dendrites and consequently 
the susceptibility to sliver formation. Szeliga et al.[133] utilized
an internal thermal baffle between casting and central rod 
of a ceramic mould to control the liquidus isotherm shape 
during solidification of a Ni-based single crystal superalloy. 
They confirmed that the use of an internal thermal baffle led 
to a reduction in the curvature of the solidification front and 
a decrease in the transversal temperature gradient, resulting 
in improved dendrite growth compared to the mould without 
an internal baffle. Some other modifications can be effective 
to reduce the width of mushy zone and the inclination of 
solid-liquid interface. For example, optimization of process 
parameters[134], as well as the casting arrangement in a cluster 
mould[135], can be considered as these modifications. Application 
of other directional solidification techniques that refine 
the dendritic microstructure, such as downward directional 
solidification [36-39] and liquid metal cooling technique 
(LMC)[31, 32, 136-138], can potentially restrict the competitive growth 
of sliver dendrites and prevent their evolution throughout 
the castings. The main advantage of these processes over the 
conventional Bridgman technique is the provision of a stable 
thermal gradient and also the reduction of the curvature of the 
solidification front, which can significantly reduce grain defects 
in addition to improving the microstructure. The downward 
directional solidification method also has another advantage. 
In this technique, the movement of the solidification front is 
downward and the problem of density inversion in the mushy 
zone does not arise. Therefore, the risk of thermal convection 
and, as a result, the formation of freckle defects is eliminated 
in this process[39]. However, due to the process and economic 
limitations of the aforementioned techniques, the Bridgman 
technique is still the most widely used in the manufacture of 
single crystal superalloys. 

Fig. 21: Simulation results of creep-rupture life in the specimens with slivers of different orientations (a), and fitting 
results of sliver damage tolerance (b)[76]

(b)(a)

Fig. 22: Fatigue life of DD5 single crystal superalloy 
with maximum stress and misorientation[118]
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4 Summaries
This study comprehensively reviewed the sliver defects 
in single crystal superlloys. The main conclusions can be 
summarized as follows:

(1) Slivers are a group of low-to-medium angle misoriented 
grains whose misorientation angle may be up to 18°. However, 
their misorientation angle has reported lower than 10° in 
most cases. These defects introduce a group of longitudinal 
low-angle grain boundaries in the casting structure.

(2) Contrary to some previous reports, nucleation mechanisms 
play no role in the formation of slivers from the melt. Dendrite 
deformation and dendrite fracture (fragmentation/tearing) are 
the main mechanisms for the sliver formation.

(3) Dendrite fracture or deformation is induced by 
non-uniform thermal stresses during solidification. Therefore, 
any factor that enhances local stress concentration on 
dendrites during solidification, can intensify the sliver 
formation. Accordingly, localized microstructural or geometric 
heterogeneities, including inclusions, pores, curved surfaces, 
platform transitions, grain selector regions, mould joints, mould 
walls, and freckle channels can be considered as the potential 
factors that promote the sliver initiation.

(4) Sliver formation has a deleterious effect on the creep 
life of the single crystal superalloys. In such a way, when 
the misorientation reaches 15°, creep life can decline up to 
47%. Additionally, similar to low-angle grain boundaries, the 
damage tolerance of the slivers in single crystal superalloys 
can be considered around 8°.

(5) There is not a specific criterion to prevent the sliver 
formation and evolution. However, by optimizing process 
parameters and properly designing the solidification technique, 
as well as carefully controlling materials and equipment, the 
presence of these defects in the structure can be minimized.
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