
Communication
Formation of Sliver Defect in Ni-Based
Single Crystal Superalloy
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The formation mechanism of sliver defect in Ni-based
single crystal superalloy was investigated by X-ray
computed tomography and electron backscattered
diffraction. The origin of sliver due to the localized
deformation of 1-2 dendrites near the mold wall was
experimentally observed. The diverging boundary was
the favorite position for sliver initiation. It was found
that the deformation that induced sliver occurred in the
mushy zone and was limited in the lower part of the
dendrite. Thermal contraction forces played an impor-
tant role in the formation of sliver. The dendrite
deformation was attributed to the imbalanced force
loaded on the dendrite.
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Nickel-based single crystal (SX) superalloys have been
widely used in turbine blades for their exceptional high-
temperature properties.[1,2] However, casting defects,
such as stray grains,[3] freckle,[4] low angle boundary,[5]

and sliver[6,7] are potential threats to the performance of
the SX superalloys. At present, very limited information
on the formation mechanism of sliver has been reported
comparing to that of the other defects.

Sliver is observed as strip-like contrast in SX. It may
extend along the directional solidification (DS) direction
after formation.[6–8] Previous works confirmed that the
origin of sliver is primarily associated with the defor-
mation of dendrites in the mushy zone.[6,7] There have
been numerous indirect observations of dendrite

deformation in various materials.[9] The deformation
has been linked to gravity,[10] elastic deformation,[11] c¢
precipitation,[12] and solute field ahead of the solid-
liquid interface.[13] During directional solidification, the
dendrite deformation is possibly caused by: (I) Inter-
dendritic fluid flow (convection) induced by alloying or
processing conditions during solidification. The strong
segregation in directional solidification of SX superalloy
often results in the vertical fluid convection at a certain
stage of solidification.[14] Both remelting at the neck of
dendrite arms during coarsening, solute enhancement,
or recalescence[15–17] and mechanical interactions[18,19]

have been considered to cause the deformation or
fragmentation of dendrites; (II) Thermal contraction
during solidification. Aveson et al.[7] proposed that the
sliver arose from the high stresses in the constricted
channel due to different thermal contraction between
mold and metal. Similar misorientation accumulated
during DS has also been reported recently in a third
generation SX superalloy.[20] Sun et al.[6] believed that
the lateral sliver defects on the platform generated due
to the high contraction stresses around the connections
of platform and the SX body.
To date, the direct observation of dendrite deforma-

tion in the mushy zone is still lacking, and therefore, the
exact reason leading to the deformation and the
formation mechanism of sliver are still unclear. In this
study, SX castings were produced, with a detailed X-ray
computed tomography (XCT) and electron backscat-
tered diffraction (EBSD) characterization. The forma-
tion mechanism has been explored based on the
experimental evidence of dendrite deformation in the
mushy zone.
The nominal composition of the superalloy PWA

1483 used in the experiments was (in wt pct): 0.05 C,
12.0 Cr, 9.0 Co, 4.0 W, 2.0 Mo, 3.4 Al, 4.0 Ti, and the
balance in Ni. The SX casting with similar geometry of
the airfoil section of a turbine blade was directionally
solidified. The thickness of the cross section of the
casting gradually increased from bottom to top in order
to simulate the tip-down DS process of the real SX blade
(Figure 1(a)). Ten mold clusters with six castings in each
cluster were produced using the spiral grain selection
method in a Bridgman furnace. The ceramic mold was
preheated to 1500 �C. The master alloy was melted and
poured into the preheated mold at 1500 �C and held at
the temperature for 2 minutes before withdrawal. A
constant withdrawal rate of 3 mm/min was used in all
experiments. All castings were macro-etched (50 pct
HCl-50 pct H2O2) after removing the ceramic shell and
the SX starter. The samples with 10 mm in length and
1 mm 9 1 mm in cross section were cut from the
castings at the initial position of sliver for XCT (the
lab-based Xradia Versa XRM-500 system) characteri-
zation as shown in Figure 1(b). The software of Avi-
zofire 7.1 was employed to process and visualize the
XCT results.[21,22] After that, the XCT sample was
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carefully ground to the plane containing the deformed
dendrites and then mechanically and electro-polished.
The optical microscope (OM-IMc 5) and EBSD were
then employed to characterize the microstructure and
dendrite orientation, as well as the deformation. All data
collected from EBSD were processed by the Oxford
HKL Channel 5 software. The EBSD data were also
quantified using the method described in Reference 7 to
obtain the extent of bending and torsion angle of the
dendrites.

9 castings containing a sliver were found among the
sixty SX pieces after macro etching. Figure 1(b) shows
the typical morphology of sliver on surface of the SX
casting. The strip-like structure on matrix can be clearly
observed, and the sliver defect extended along the DS
direction to the top of the casting.

The XCT results of the sliver at its initiation position
are exhibited in Figure 2. Dendrite structure in three
sections with a distance of about 238 lmmarked as A, B,
and C in Figure 2(a) was sliced. This distance is
approximately equal to the primary dendrite arm spac-
ing. The corresponding dendritic structure of the three
sections is shown in Figures 2(b) through (d). Surface to
the left is the sample surface. M stands for matrix and S is
sliver. In Figure 2(b) (plane A), the tertiary branches
developed from the secondary arm at the diverging
boundary between the mold wall and matrix were
observed. Some of the tertiary branches continued to
grow into new primary dendrites. One of them was
physically blocked by the neighboring dendrites (marked
by the arrow). All dendrites were parallel to each other,
i.e., no misorientation generated in this plane. Tertiary
branches developed from the secondary arm were also
observed in Figure 2(c) (plane B). However, dendrites 2
and 5 obviously tilted from other dendrites and estab-
lished misorientation from the matrix (dendrites 1, 3, and
4). It seems that dendrite 2 was blocked by dendrite 3 as
marked by the arrow, but dendrite 5 grew continually at
the diverging boundary without any restriction. Sliver
arose from this deformed dendrite. In Figure 2(d) (plane

C), dendrite arms grew in parallel and there was no
misorientation in this plane. The XCT results indicate
that sliver developed from only one row of the deformed
dendrites at the diverging boundary. Furthermore, it was
obtained in the XCT experiments that all of the slivers in
nine castings originated from the diverging boundary
between the matrix and mold wall.
The optical micrograph and EBSD results roughly

corresponding to plane B in Figure 2(c) are shown in
Figure 3. In Figure 3(a), the dendrites 1-5 corresponded
to the dendrites 1-5 in Figure 2(c) and the finer tertiary
branches that were difficult to be distinguished in
XCT image can be observed. EBSD results shown in
Figures 3(b) through (d) revealed the misorientation.
Dendrite 5 and some fine tertiary branches around, as
well as dendrite 2 were misaligned from matrix. This is
in good agreement with the observation of XCT. These
results further indicate that dendrites 2 and 5 not only
tilted but also rotated from other dendrites, which
resulted in a misorientation composed of both bending
(Figure 3(c)) and torsion (Figure 3(d)). Figure 3(e)
reveals the corresponding band contrast map. The
quality of Kikuchi bands has been related to strain in
previous publications.[23–27] The quality of Kikuchi
bands is described by band contrast (BC, obtained
using Oxford HKL Channel 5 software)[28] or pattern
quality (PQ, obtained using EDAX TSL-OIM soft-
ware).[29] High strain level (i.e., dislocation density)
results in low PQ or BC value.[29,30] Therefore, BC/PQ
offers a qualitative measurement of deformation in the
crystal.[28,31,32] Within the detected area I in Figure 3(a),
the band contrast map illustrates that small local strain
distributed homogenously within dendrite 5 and the
surrounding fine tertiary dendrites, as well as the
secondary dendrite on which they grew. However, the
strain was only seen in the lower part of dendrite 5. No
strain was detected as dendrite 5 grew upward (area II in
Figure 3(a)). Small strain exhibited along the dendritic
boundary also gradually disappeared. It is interesting to
note that further growth of dendrites 2 and fine tertiary
dendrites around dendrite 5 was suppressed by other
dendrites. Only dendrite 5 with well-developed branches
and near the casting surface survived. On the up left
corner of Figure 3(a), another primary dendrite with
same orientation of the matrix appeared (marked by the
arrow). It probably developed from another dendrite in
plane A or C (Figure 2).
The present experimental observations clearly demon-

strate that sliver generally initiates as a result of dendrite
branching and deformation at the diverging boundary.
Branching occurs frequently when primary dendrite
stems deviating from DS direction or there is geometry
change in cross section of the casting.[6,33] The misori-
entation in a SX blade has been proposed as an
inheritance of the mosaic structure in the secondary
dendrite arms[34] or strain effect of c¢ precipitation.[12]
However, the strain distribution map shown in
Figure 3(e) excludes these mechanisms as the strain
neither localized in the secondary arm, nor distributed
throughout the whole dendrite. Similarly, if bending of
secondary arms due to buoyancy occurs, the deforma-
tion would concentrate only around the necking area

Fig. 1—(a) SX casting used in the experiments. (b) The typical
morphology of sliver on surface of casting and schematic illustration
of sampling.
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where the secondary arm connecting to the primary
trunk. It is obvious that the deformation observed in the
lower part of dendrite 5 and the surrounding tertiary
dendrites, as well as the secondary dendrite arm on
which they grew induced the sliver defect according to
Figures 2 and 3. Besides, one can also confirm that the
deformation occurs in the mushy zone. The free growth
of the dendrite proceeded after deformation, which leads

to the strain free dendrite in the upper part of the sliver.
It is well known that plastic deformation in the mushy
zone requires: (a) generation and (b) transmission of the
stresses within the bridged dendrites as well as (c)
sufficient ductility of the dendrites to allow bending or
torsion.[7,33] The effect of interdendritic fluid flow in a
single crystal superalloy has been studied in terms of
permeability.[35] The permeability (velocity of

Fig. 2—XCT results of sliver. (a) The three-dimensional morphology of the sample. (b) through (d) Dendritic structures in plane A, B and C.

Fig. 3—(a) Optical micrograph of plane B in Fig. 2(c) and the corresponding (b) orientation map (contrasted by color of inverse pole
figure inserted in the image), (c) bending and (d) torsion angle calculated with the EBSD data, and (e) band contrast map. EBSD maps shown in
(b) through (e) are corresponding to the two rectangles labeled in (a) (Color figure online).
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interdendritic fluid) becomes very low when the solid
fraction fs> 0.6. Moreover, the velocity in cross flow
that would have been the main inducement for dendrite
deformation is much smaller compared to that in the
vertical direction. It has been well established that the
bridging of dendrites only occurs at a relatively high
solid fraction. For example, a fs of> 0.7 was defined as
the maximum packing solid fraction, below which
dendrites deformation would not occur.[36] Hence, it is
reasonable to deduce that interdendritic fluid flow that
would have been a very important factor for freckle
formation has little contribute to the formation of sliver
defect. On the other hand, it can be confirmed that
thermal contraction forces generated during solidifica-
tion play an important role.

The formation mechanism of the sliver defect induced
by thermal contraction is schematically illustrated in
Figure 4. As shown in Figure 4(a), three tertiary den-
drite arms (I, II and III) are growing from a secondary
dendrite in the mushy zone due to the change in casting
geometry or orientation deviation of a primary stem
from the DS direction, and the dendrite bridging is built
up (as marked by the red circles). Meanwhile, thermal
contraction induces the downward (Fz) and inward
(Fx) forces in the mushy zone as a result of geometrical
constrain of the ceramic mold as exhibited in
Figure 4(b). The forces loaded on the solidified den-
drites (Fz and Fx) can be resolved into the forces along
the dendrite axis (Fc and Fd) and perpendicular to the
dendrite axis (Fa and Fb), respectively. It can be seen that
a relative downward motion of the dendrites along the
dendrite axis will occur due to the forces Fc + Fd, while
the forces Fa + Fb are transmitted between the bridged
dendrites. The dendrite II is acted upon by the forces F12

and F32 arising from dendrite I and III and will not
experience deformation because of the balanced forces.
The dendrite III is acted upon by the balanced forces F23

and F43 arising from dendrite II and IV (not drawn in
the Figure 4(b)) and there is also no deformation within
it. However, the lower part of the dendrite I near the
mold wall is therefore very likely to experience the
mechanical deformation since the force F21 (F21 =
F21 = Fa + Fb) applied by its neighbor dendrite II
cannot be balanced, i.e., the misorientation h generates
between dendrite I¢ and II (or III). There is no bridging
of the secondary dendrite arms on the upper part, and

therefore no deformation is expected. Figure 4(c) shows
that the later growth of dendrite I¢ inherits the misori-
entation h, but without strain. The deformed dendrite I¢
continues to grow and branch at the diverging boundary
and sliver defect forms finally. It is reasonable to believe
that only those dendrites with well-developed branches
(more bridging and therefore stress transmission) at the
diverging boundary may evolve into sliver.
It is obvious that a better aligned [001] axis of the

dendrites with less branching will have low possibility to
generate slivers. Reduction of thermal contraction force,
for example, by modification of mold materials and
processing is also important. Moreover, any strategy
that may increase the resistance of the mushy zone to
deformation would be helpful, for instance, to reduce
the length of the mushy zone to achieve a stronger
dendritic skeleton.
In summary, the formation mechanism of sliver defect

in Ni-based single crystal superalloy was investigated by
XCT and EBSD. The following conclusions are drawn:

1. It was found that the diverging boundary between
the primary dendrite arms and mold wall was the
favorite position for the initiation of sliver. Sliver
generated from 1 to 2 tertiary dendrites near the
casting surface.

2. The deformation that induced sliver occurred in the
mushy zone and was limited in the lower part of
the dendrite. The free growth of the dendrite pro-
ceeded after deformation, which led to the strain
free dendrite in the upper part of the sliver.

3. Compared to the interdendritic fluid flow, thermal
contraction forces played an important role in the
formation of sliver. The mechanical deformation
that primarily occurred on a diverging boundary
can be attributed to the imbalanced force loaded on
the dendrite.
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tional Natural Science Foundation of China (Grant
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Fig. 4—Schematic illustration of the formation mechanism of sliver defect. (a) Development of new dendrite near the mold wall and
establishment of dendrite bridging, (b) dendrite deformation induced by the unbalanced force arising from thermal contraction and (c) sliver
formed as a result of the growing of deformed dendrite.
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