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This article addresses the formation of low angle grain boundaries which give 

rise to mosaicity, a phenomenon which has only recently received attention in 

the single crystal Ni-base superalloy field. In this work, post-mortem advanced 

microscopy characterisation techniques are employed to deduce the dendrite 

tip growth kinetics from transverse sections of a single crystal turbine blade. As 

a result, it has been possible to highlight the role of isotherm curvature in 

inducing lateral macro-segregation parallel to a growing solidification front. 

Using crystallographic data from time-of-flight energy-resolved neutron 

imaging and novel Bragg-dip post processing, it is established that lateral 

macro-segregation induces small angle grain boundaries which gives rise to 

mosaicity within single crystal Ni-base superalloys. Mosaicity demonstrates 

good correlation the local primary spacing, where faster growing dendrites 

demonstrate greater deviation of <001> from the growth axis, as compared with 

those growing at a slower rate. In light of these findings, the origin of mosaicity 

and its implication to secondary grain formation is discussed. 

 

Keywords  

Directional solidification; Dendrite growth; Mosaicity; Time-of-flight energy-resolved 

neutron imaging; Crystal orientation  

1. Introduction 

Operating conditions in gas turbine engines impose extremely demanding 

conditions on the engineering materials in critical rotating components, such as 

turbine blades [1]. These components, which are produced using single crystal 

Ni-base superalloys, operate under high stresses close to their melting point. 

Superalloys exhibit exceptional mechanical strength, toughness, and high 

temperature corrosion and oxidation resistance, making them ideally suited for 

critical load-bearing applications at the highest possible homologous 

temperature within aggressive environments. 

 

Ni-base superalloys contain a two-phase equilibrium microstructure consisting 

of a continuous face-centred cubic austenitic matrix ( ) and a submicron-scale 

coherent intermetallic    (Al,Ti) precipitate (  ) with an     cubic crystal 

structure [2]. A key factor in the extreme durability of Ni-base superalloys is the 

presence of a high volume fraction (~70%) of   , which is highly resistant to 
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creep and fatigue crack propagation. For face centred and     cubic crystals, the 

preferential crystal growth directions are <100>, which results in 

crystallographically related features, such as primary trunks, secondary and 

tertiary side arms.  

 

Single crystal components are manufactured by the directional solidification 

process, which constrains the heat transfer through the solid, resulting in 

primary (001) trunk growth aligned antiparallel to the heat flow. The main 

purpose of the directional solidification technique is to eliminate transverse 

grain boundaries that limit the high temperature performance of the 

component, whilst orienting the (001) crystal structure parallel to the maximum 

loading direction [3]. Misorientation arises from secondary grains and is 

undesirable since it increases cyclic stresses during thermal cycling and 

degrades the high temperature performance of the single crystal material [4]. 

There is also a dramatic drop in strength at high temperatures due to the 

absence of grain boundary strengthening elements, with over      of local 

<001> misorientation being especially detrimental to creep resistance [1]. 

Typical secondary grains in turbine blades are stray grains [5], freckle chains 

[6], slivers [7], and re-crystallised grains [8]. Secondary grains can form via 

thermal undercooling and nucleation (stray grains), from solutal buoyancy 

forces (freckles), or plastic deformation at high temperatures (slivers), and 

followed by heat treatment (re-crystallisation).  

 

In addition to secondary grains, single crystals also exhibit a phenomenon 

termed as mosaicity [9, 10], where a small spread of crystal misorientation exists 

within each grain [11]. At a microscopic scale, mosaicity can vary within 

secondary arms or between individual neighbouring dendrites [12, 13]. Further, 

similar misorientations can be attained between adjacent secondary arms, over 

small groups of dendrites, or even larger macroscopic sub-grains [14, 15]. 

Mosaicity has been proposed to be related to plastic deformation of dendrites 

within the mushy zone during solidification [3, 9]. In fact, it can be argued that 

mosaicity is the harbinger to secondary grain formation dictated by plastic 

deformation. Consequently, understanding the mechanistic origins of single 

crystal mosaicity is important for discerning the nature behind deformed 

secondary grain formation. For a detailed review on the literature pertaining to 

single crystal mosaicity the reader is referred to ref. [16]. 
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The primary spacing,   , characterises the micro-segregation distance between 

two adjacently growing dendrites. Through substantial empirical and 

theoretical investigations,    has been linked to the process variables by the 

following non-linear equation [17]: 

 

     
               , (1) 

 

where,    is the far-field solute concentration,   is the axial thermal gradient, 

and   is the withdrawal velocity. It has been established, that the variation in 

local primary spacing,  ̅     ,  quantifies the severity of lateral macro-

segregation within the liquid parallel to a growing solidification front [18]. In 

addition, a Gaussian distribution of  ̅      is always attained for a bulk array, 

regardless of the solidifying environment or alloy composition [18]. Since    is 

directly influenced by a local dendrite misorientation [19], any deflection of a 

primary stem will widen the Gaussian distribution of  ̅     . Therefore, a bulk 

array that attains a uniform  ̅      during growth, solidified from a 

homogenous liquid composition parallel to a growing array of dendritic tips 

(Eq. (1)), resulting in zero local misorientation. In this ideal case, the    between 

each dendrite core is equal and the packing perfectly hexagonal [18]. It has been 

established, that non-hexagonal packing is a direct result of spatial variation in 

fluid density driven by the convexity/concavity of the liquidus isotherm [18, 

20]. Moreover, if the liquidus isotherm is perpendicular to the gravity vector 

and solidification occurs at steady state, there exists no driving force for 

sideways diffusive instabilities, lateral macro-segregation, or array disorder.  

 

A variety of explanations have been proposed to explain dendrite deformation 

[16], including thermal and shrinkage stresses [3], convective forces [21], 

precipitation-related phenomena [22], interactions with the mould wall [23], 

gravity [24], and asymmetric solute distributions [18, 25]. Unfortunately, owing 

to the difficulty of in-situ observation of metallic solidification, the relationship 

between dendritic growth and mosaicity cannot be verified, unlike in organic 

analogues [26, 27].  Some authors have applied Synchrotron radiation to 

directly observe metallic deformation during solidification [23, 28], however, 

low X-ray penetration depth within metals has restricted investigation to small 

sample volumes. Unfortunately, it is not straightforward to simulate dendrite 
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deformation, since it requires identifying constitutive equations for creep, 

which is the main mode of deformation, close to the solvus where data is scarce 

[29]. More recent work [30] has modelled dendrite fragmentation in an attempt 

to treat thermo-solutal convection; however, a similar approach for considering 

mosacity is daunting. 

 

There have been some ex-situ attempts to quantify mosaicity during directional 

solidification with various levels of success [3, 10, 11, 13]. The most promising 

methods utilise a combination of diffraction and chemical-based analysis. 

D’Souza et. al. [3] investigated the formation of low angle grain boundaries 

utilising electron back scattered diffraction (EBSD). Bogdanowicz et. al. [10] 

attempted to relate crystal deviation to elemental segregation at macroscopic 

scales using X-ray diffraction and back scattered electron imaging. Hallensleben 

et. al. [13] used a field electron microscope probe to obtain small scale chemical 

distributions and coupled this with EBSD to determine misorientations between 

the targeted [001] direction and the specimen axis of symmetry. Thome et. al. 

[11] developed Rotation Vector Base Line Electron Back Scatter Diffraction 

(RVB-EBSD) to quantitatively link chemical segregation with mosaicity. 

Subsequently, He et. al. [25] applied RVB-EBSD to investigate rhenium 

segregation at low angle grain boundaries.  

 

Unfortunately, the low penetration depth and limited field of view of X-ray and 

electron based techniques, typically restricts practical deployment to sample 

surface analysis and small areas [3, 10, 11, 13, 31, 32]. More importantly, 

methods based on such underlying technology are not currently equipped with 

the necessary arsenal to quantify the liquidus isotherm shape, macro-

segregation, or non-uniform dendrite tip growth kinetics during directional 

solidification. Thus, the relationship between the processing environment, 

inhomogeneous elemental compositions, and mosaicity at macroscopic length 

scales remains unknown.  

 

Over the last 20 years the improvement in computational power and detector 

technology has provided a revived interest in neutron imaging [33]. Unlike X-

rays, neutrons can penetrate thick component sections composed of heavier 

elements, enabling investigation into bulk material characteristics [34]. 
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Recently, it has been established that energy-resolved neutron imaging can be 

applied to rapidly map mosaicity across relevant length scales [14]. In addition, 

the Shape-Limited Primary Spacing algorithm [18] can deduced the liquidus 

isotherm shape post-mortem from the microstructure [35]. Consequently, it is 

now possible to understand how elemental compositional in-homogeneities 

driven by the convexity/concavity of the liquidus isotherm influences mosaicity 

across macroscopic length scales and with possible implications to secondary 

grains. 

 

In this study, the relationship between dendrite growth and mosaicity is 

investigated within a directionally solidified single crystal turbine blade. Lateral 

macro-segregation, dendrite tip growth kinetics, and the macroscopic 

solid/liquid interface shape are deduced using the Shape-Limited Primary 

Spacing algorithm [18]. For the first time, local and bulk mosaicity and 

secondary grain formation have been quantified using energy-resolved neutron 

imaging. The influence of changes in the deduced macroscopic interface shape 

on in-homogeneous solute distributions is compared with local and bulk 

mosaicity variation. The novelty of this study is a quantitative relationship 

between dendrite growth and mosaicity, which has generated new insights into 

the formation of secondary grains within the microstructure during directional 

solidification. 

 

2. Experimentation 

2.1.  Material and Preparation 

A single crystal CMSX-4® turbine blade is shown in Figure 1(a). The blade was 

directionally solidified in a cluster mould arrangement, under a constant  . The 

nominal composition of CMSX-4® is given in [36]. The blade was sectioned 

transversely into 23 segments (Figure 1(b)) perpendicular to the z-axis of the 

casting (Figure 1(a)), which is parallel to the solidification direction. Scanning 

Electron Microscopy (SEM) was performed using a FEI 650 Quanta SEM in back 

scattered electron (BSE) mode to visualise the micro-segregation between the 

dendritic core and inter-dendritic region. The micrographs were acquired with 

a       beam,      spot size,      dwell time, 2.072    high field width with a 
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           resolution. MAPS® software (ThermoFisher Scientific, Waltham, 

MA, USA) provided large, high resolution, automatically stitched images of the 

bulk microstructure. The final micrographs comprised of      stitched images 

depending on the sample geometry.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (c)  

                  



8 of 41 
 

8 
 

  

  

                  



9 of 41 
 

9 
 

(b) 

 
Figure 1: (a) Schematic of the single crystal turbine blade. The blade was sectioned into 23 

segments perpendicular to the z-axis of the blade, which is parallel to the casting direction. The 

blade can be classed into three main sections: root (A1 – A3) and platform (A4 – A5), aerofoil 

(A6 – C1), and shroud (C2 – C4). (b) The geometry of the sample segments analysed in this 

work. The original back scattered electron micrographs were                 pixels. Sections 

are displayed for geometric reference only and are not to scale. Some stitching stripes from 

creating large image mosaics are observed; this does not influence dendrite core identification 

or the raw statistics. (c) Voronoi map for sample B2 demonstrating the inherent hexagonality of 

directionally solidified alloys; derived using the Shape-Limited Primary Spacing algorithm [18]. 
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2.2.  Bulk Local Primary Spacing and Interface Shape Mapping 

The bulk BSE sample maps were loaded into the DenMap software [37] and the 

exact dendrite core pixel positions were located.  ̅      variation across each 

bulk microstructure was determined using the Shape-Limited Primary Spacing 

(SLPS) methodology, as described elsewhere [18]. The  ̅      is calculated by 

summing all nearest neighbour primary spacing and then dividing by total 

number of neighbours. The distribution in  ̅      quantifies the variation in the 

average primary spacing over the cross-section and  ̅      is the mean value of 

 ̅      for the entire array. As demonstrated within [18] and [38], the SLPS 

algorithm always returns a Gaussian distribution of  ̅     , which enables the 

creation of  ̅      maps (local spacing, LS-Maps). From the variation in  ̅     , a 

colour map was created for each sample section; example illustrated in Figure 

2(a). Regions, where the mean  ̅      equals that of the entire array,  ̅     , are 

indicated in green,     in dark red, and     in dark blue. The benefit of 

mapping each sample using the  ̅      and  ̅      standard deviation,   ̅     
, is 

the ability to observe common trends between different samples, regardless of 

the solidification environment.  

 

A quadratic relationship exists between the variation in  ̅      and radial sample 

distance [35], where the most advanced part of the solid/liquid interface attains 

a larger  ̅      compared with the portion lagging behind. This is a clear 

indication in interface curvature and deviation from planar isotherms close to 

the liquidus temperature. This intrinsic relationship between isotherm shape 

and  ̅      enables the post-mortem deduction of the 3D macroscopic interface 

concavity/convexity from the solidified microstructure. This is accomplished as 

follows – (i) spatial coordinates across the sample cross-section are represented 

by x and y, while the z-coordinate represents  ̅     ; (ii) fitting a quadratic 

surface to the  ̅      with x and y (Figure 2(b)); (iii) locations along the plane 

where the  ̅      is larger than the mean plane spacing,  ̅     , are indicated in 

red, while regions that are below  ̅      are represented in blue (Figure 2(b)). 

The resultant deduced interface shape maps (I-Maps) provide a reasonable 

semi-quantitative shape of the liquidus front during solidification.  
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(a)   

 
 

(b) 

 

Figure 2: (a) Local primary spacing mapping methodology applied to sample B2 (c.f. Fig. 1). (b) 

Deduced 3D macroscopic interface shape from the radial variation in local primary spacing 

across sample B2.   

 

2.3.  Bulk Mosaicity Mapping 

The bulk variation in single crystal mosaicity for each sample was determined 

using time-of-flight (TOF) energy-resolved neutron imaging on the IMAT [39, 

40] beamline at the ISIS neutron spallation source at the Rutherford Appleton 

Laboratory in Oxfordshire, United Kingdom. Neutron energies are deduced 

from their TOF from the source to the micro-channel plate (MCP) detector [41] 

and the transmission spectrum is obtained for each of the           pixels. 

The maximum field of view of MCP detector is            . The recorded 

transmission spectra correspond to the percentage of the neutron beam that is 

not absorbed or scattered by a sample and represents an average over the total 

thickness of the specimen. For crystalline materials, coherent elastic scattering 

(Bragg scattering) displays a significant energy dependence in the range of 
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cold/thermal neutrons, as wavelengths are of the same order as the inter-atomic 

distances. The principle for Bragg scattering is described through Bragg’s law: 

 

                   (2) 

 

where,      is the wavelength of the incident radiation;      is the crystal lattice 

spacing distance between lattice planes (hkl);      is the angle between the 

incident beam direction and the crystalline plane (hkl); n is the order of 

reflection. Within a single crystal material, for every      that fulfils the Bragg 

condition for a certain (hkl) plane, a distinct dip is observed in the transmission 

spectrum. In Ni-base superalloys, diffraction from the    phase generates both 

fundamental dips, such as (111), (200), (220), (311), and (400), as well as super-

lattice dips, such as (100), (110), (112), and (210), while diffraction from the   

phase produces only the fundamental dips [42].  

 

In this study, the distribution in <001> deviation with respect to the sample z-

axis was investigated. Deviation quantifies mosaicity in 2D and involves two 

Euler angles without the twist component. Therefore, it must be emphasised, 

that the deviation in <001> is not strictly the misorientation, which involves all 

three Euler angles. The IMAT experimental setup was identical to that 

described in ref [14]. The samples were placed in front of the MCP detector with 

the neutron beam parallel to the z-axis, as illustrated in Figure 3. Neutron 

measurements were performed for   3 hours between the wavelength range of 

      –       . The average distribution in (001) mosaicity for each sample was 

determined by comparing the average neutron transmission spectrum around 

the (002) Bragg-dip, to the (002) Bragg-dip within each pixel. Any 

corresponding shift in the pixel (002) spectrum from the average was quantified 

using a least squares-based minimisation thresholding algorithm, providing 

one unique wavelength value for each one of the            pixels. Comparing 

the distribution in (002) wavelengths to a reference value that corresponds to 

zero (001) deviation enables the creation of bulk mosaicity maps from the data. 

For more details, please see ref [14].   

 

The beam attenuation and mosaicity spatial resolution is dependent on sample 

thickness and the material. Therefore, to establish a reliable standardised 

experimental procedure for CMSX-4® superalloy, only the thickness was varied 
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between samples to investigate how it influences mosaicity spatial resolution. 

Analysed samples and thickness are listed in Table 1.  

 

Table 1: Samples used for mosaicity mapping. The sample locations within the turbine blade 

are indicated in Figure 1(a). 

 Blade Section Root Platform Aerofoil Shroud 

 Sample Segment A1 A2 A5 A6 B2 B4 B13 C2 C3 

 Thickness (mm) 5 3 3 3 7 6 4 7 10 

 

 

 
Figure 3: Experimental Time-of-Flight energy resolved imaging setup. The single crystal sample 

is probed by a pulsed neutron beam. Neutron energies are deduced from their time-of-flight 

from source to imaging detector. Mosaicity is quantified by calculating the variation in shift of 

the (002) Bragg dip within the transmission spectrum of each pixel.  

 

3. Results 

3.1.  Local Primary Spacing Maps (LS-Maps) 

The LS-Maps in Figure 4 were created by plotting the variation in  ̅      for each 

sample as a function of  ̅      and   ̅     
. The LS-Maps highlight a range in 

 ̅     , which manifests in an increase in the   ̅     
. Consequently, the purpose 

of this plot is to indicate regions of lateral macro-segregation across the array, 

as deduced from the range in  ̅     . This is because the latter is determined by 

constitutional undercooling, which is related to solute partitioning ahead of the 

S/L interface [18].   
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Larger  ̅      values (indicated in red) identify retarded dendrite tip growth 

kinetics arising from reduced constitutional undercooling because of an 

increased segregation of inter-dendritic segregating elements (Al, Ti, Ta). 

Regions with lower  ̅      (indicated in blue), identify locations where 

constitutional undercooling is greater and the liquid in the boundary layer is 

more segregated in solute partitioning to the dendritic core (W, Re) resulting in 

accelerated dendrite tip growth kinetics. Following from this argument, within 

the root, platform, and shroud regions there exist macroscopic regions mainly 

at the edges of the sample, where there is an increased concentration of 

dendrite partitioning solute. Further, the position of the most inter-dendritic 

segregated solute species moves laterally across the interface with increasing 

height from the root.  
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Figure 4: Local primary spacing maps (LS-Map) illustrating the bulk variation in local primary 

spacing. LS-Maps are consistent with the microstructures in Figure 1(b). Red regions highlight 

locations with  ̅      greater than   ̅    .  Blue regions highlight locations with  ̅      smaller 

than   ̅    .  is the standard deviation of  ̅      relative to   ̅     over the cross-section.  

Samples A1 – A3 is the root; A4 and A5 is the platform; A6 – C1 is the aerofoil; C2 – C4 is the 

shroud. For scale, please see Figure 1(a). 

 

The statistics involved in the measurements reported in Figure 4 were derived 

from locally analysing 35,208 dendrite cores from 23 sample segments. The 

variation in total dendrite number per section is shown in Figure 5(a). The 

minimum number of dendrites per section were       at the bottom of the 

aerofoil at sample B2. The greatest number of dendrites (      ) were within 
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the shroud section at sample C2. The variation in section area is plotted in 

Figure 5(b). The section area was determined by binarising the SEM image to 

find the total number of pixels that corresponds to the sample, then multiplying 

by the scale squared. The largest area is obtained within the platform region in 

section A4. The smallest area in sample C1 at the top of the aerofoil. The area 

decreases relatively linearly through the aerofoil section. The average dendrite 

density within each cross-section was calculated by dividing the total number 

of dendrites by the sample area in     (Figure 5(c)). On average, the dendrite 

density increases throughout the root, platform, and aerofoil sections. There is a 

sudden decrease within the shroud (sample C2), that stabilises within C3, and 

starts to increase again within C3.  

 

The mean array disorder,  ̅     , for each section is illustrated in Figure 5(d). 

This is a dimensionless parameter derived from quantifying the local packing 

disorder of each dendrite throughout the bulk array [18].  ̅       1.52 indicates 

perfect hexagonal packing [18], where an increase in  ̅      indicates increasing 

array disorder. It is clear from Figure 5(d) that the most disordered section is 

A5, which is the transition sample between the platform and aerofoil (Figure 1(a 

and b)). Moreover, the array tends to become more hexagonal and less 

disordered ( ̅          ) with increasing height from the root, which also 

corresponds to an increase in dendrites/area (Figure 5(c)).  ̅      and   ̅     
 for 

each sample is indicated in Figure 5(e). On average, the   ̅     
 and  ̅      

decrease with height from the root, with the smallest values occurring at 

samples B12 and B13, respectively. It is important to note, a decreasing  ̅      

with height indicates the solidification rate,    , is increasing [18].   ̅     
 

(Figure 5(e)) and  ̅      (Figure 5(d)) increase after a sudden change in 

geometric area (Figure 5(b)). Therefore, changes in cross-section plays an 

important role on lateral macro-segregation development within an array.  

 

The mean local primary spacing range (MLPR) is illustrated in Figure 5(f). This 

dimensionless parameter determines the mean ratio between the largest and 

smallest primary spacing between the nearest neighbours of each dendrite 

within an array. An MLPR of 1 indicates the    between all local neighbours 

within an array are equivalent, scilicet, the array is perfectly hexagonal. Since 

dendrites grow naturally in rows [43], the largest    is typically found between 
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adjacent rows and the smallest is within the row. Therefore, MLPR can be 

considered an indicator for the mean channel width versus row spacing within 

an array. In summary, an increase in    (Figure 5(e)) results in a decrease in the 

average channel widths (Figure 5(f), a reduction in lateral macro-segregation 

(Figure 5(e)), and an increase in array hexagonality (Figure 5(d)).  

 

(a) (b) 

 

(c) (d) 

 

(e) (f) 

 

Figure 5: (a) Total number of dendrites per section. (b) Variation in section area (   ). (c) Total 

dendrite number per    . (d)  ̅      calculated by determining the disorder for each dendrite 

within an array then summing and averaging.  ̅           indicates perfect hexagonal 

packing. (e) Local primary spacing distribution with      indicated. (f) The MLPR range for 

each section. The statistics are derived from locally analysing 35,208 dendrite cores. 
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3.2.  Bulk Macroscopic Interface Shape  

For solutally unstable systems (such as CMSX-4®), local compositional 

gradients result in buoyancy forces and mass solute flow in a direction anti-

parallel to the gravity vector. In addition to solutal buoyancy forces, lateral 

pressure gradients exist within the mush that are induced by curved isopleths 

of concentration [44]; their profile imposed by the isotherm. The coldest 

temperature, highest solute concentration, and strongest thermo-solutal 

convection strength exists at the most advanced section of the interface, while 

the highest temperature, lowest solute concentration, and weakest thermo-

solutal convection exists at the section of the interface lagging furthest behind. 

The pressure gradient drives large-scale solute flow within the mush towards 

the part of the interface most advanced. Therefore, thermo-solutal convection 

strength across the solid/liquid interface is directly proportional to the shape of 

the isotherm [44].   

 

Bulk macroscopic interface shape maps were deduced by fitting a quadratic 

plane to the mean radial variation in  ̅      (Figure 6(a)). They importantly 

provide an estimate for the shape of the liquidus isotherm and indicate the 

average radial variation in lateral macro-segregation over a cross-section. 

Within the aerofoil samples (A6 – B8) the interface shape (and isotherm) has 

remained relatively constant along the height of the aerofoil. A prominent 

region of inter-dendritic partitioning elements enrichment is observed on the 

convex portion of the aerofoil, which is most advanced (red), with lagging 

regions of the liquidus front (blue) segregated in dendrite partitioning elements 

mainly at the extremities. However, in samples where sudden changes in cross-

section occurred (A1 – A5 and C2 – C4 - Figure 5(b)), the interface shape was 

not constant between concurrent sections (Figure 6(a)). A change in cross-

section ahead of a growing array alters the isotherm shape ahead of the 

advancing solidification front and moves the location of the most advanced part 

of the interface between concurrent sections. This biases the position of 

strongest thermo-solutal convection (largest  ̅     ) and the transport of inter-

dendritic partitioning enriched solute flow through the mush [26]. In addition, 

in some regions at the edges of the platform and shroud, there exists increased 

undercooling, leading to rapid growth rates, and lower  ̅     , thus, resulting in 

an increase in dendrite partitioning elements in these locations (Figure 6(a)). 
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Therefore, abrupt changes in geometry (Figure 5(b)) always increases   ̅     
 

(Figure 5(e)), array disorder (Figure 5(d)), and elemental inhomogeneity (lateral 

macro-segregation - Figure 6) across the bulk microstructure. Consequently, 

samples acquired from the root, platform, or shroud regions will always 

possess a greater variation in lateral macro-segregation distribution compared 

with those acquired from the aerofoil (Figure 6(a)). It is pertinent to note, that a 

large undercooling manifests in a sudden change in the position of the part of 

the interface lagging behind (blue), such as in the case of samples A2, A3, B12, 

C2, and C3.  

 

To quantify interface concavity/convexity (curvature), the  ̅      values that 

intercept the fitted quadratic plane,  ̅     , were recorded for each sample. A 

perfectly flat interface must be perpendicular to the z-axis over the entire cross-

section of a sample. In this ideal case, a unique value for  ̅      is attained and 

the plane spacing standard deviation,   ̅     
, equals zero. Thus, any interface 

curvature will result in a distribution of  ̅      and some non-zero   ̅     
. 

Consequently, the   ̅     
 quantifies the interface curvature and the influence of 

sample size on the distribution of  ̅     , which is not considered in Figure 5(e). 

As illustrated in Figure 6(b), samples A4, A5, and C2 demonstrate the largest 

interface curvatures, which corresponds to abrupt changes in sample area 

(Figure 5(b)). The least curved interfaces are found at the end of the aerofoil, 

specifically samples B11, B12, and B13.  

 

(a) 

                  



20 of 41 
 

20 
 

 
 

(b) 

                  



21 of 41 
 

21 
 

 
Figure 6: (a) Deduced macroscopic interface shapes from the radial variation in local primary 

spacing. The local spacing values are plotted in the z-axis and a quadratic surface is fitted to the 

cluster of points. Regions in red indicate the local primary spacing along the fitted plane is 

larger than the mean plane spacing, and the interface is more advanced. Blue regions indicate 

the local primary spacing is smaller than the mean plane spacing, and the interface is lagging. 

A1 – A3 is the root; A4 and A5 is the platform; A6 – C1 is the aerofoil; C2 – C4 is the shroud. (b) 

Quantification of interface curvature by plotting   of the local primary spacing values along the 

quadratic fit. As   approaches zero the interface becomes less convex/concave; the interface is 

flat when    . 

 

3.3.  Mosaicity Data 

The following neutron statistics were acquired using energy-resolved neutron 

imaging on IMAT. The distribution of shift for the (002) Bragg-dip for all pixels 

corresponding to the area of each sample is illustrated within Figure 7(a). Each 

crystal (one peak) demonstrates a Gaussian distribution of (002)      , with 

some specific mean and standard deviation. Sample A1 shows two similar 

intensity peaks with their own unique Gaussian distributions that can be 

deemed as separate populations (A1-M1 and A1-M2). Within sample A2 only 

one peak with a mean       spacing closer to crystal A1-M2 (Figure 7(a)) is 

observed. In sample B13, three peaks are present within the sample thickness, 

where the two smaller satellite peaks, B13-D1 and B13-D2 peaks occur. In 

sample C2 there is one main crystal (C2-M) and five smaller peaks. The smaller 

peaks make up a large proportion of the mass of the sample, hence, the 

normalised frequency is low. C2-S1 and C2-S2 attain a larger       spacing 

compared with C2-M, while the other three peaks have smaller       spacing 
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compared with C2-M. Section C3 shows one main crystal (C3-M) and two other 

smaller peaks, where C3-D1 shares common       spacing with C3-M and C3-

D2.  

 

To calculate the distribution of (001) mosaicity from Figure 7(a), an un-strained 

reference wavelength or       spacing that corresponds to perfect alignment of 

<001> with the growth axis (z-axis) is required. The unstrained reference can 

vary depending on the phase (  or   ) or elemental composition (i.e., inter-

dendritic or dendritic) [45]. In this work, the transmission spectrum from all 

specimens were analysed and an un-strained reference of 3.5968Å was 

determined from the maximum observed (002) wavelength shift (Figure 7(a)). 

This value is within experimentally determined lattice parameters for CMSX-4® 

[45]. As demonstrated in Figure 7(b), the average deviation of primary <001> 

from the z-axis (growth axis) decreases through the root/platform (A1 to A5), 

increases within the aerofoil (A6 to B13), and decreases again within the shroud 

(C2 to C3). Sample A5 has the smallest average deviation and C2-S3 the largest. 

Grains whose mosaicity populations are not distinct from the main crystal are 

deemed as deviated. Deviated grains are observed within B13, C2, and C3 and 

result in an increase in mosaicity within a specimen. Grains whose mosaicity 

population is distinct from the main crystal and whose axial deviation is 

significantly deviated from the main grain constitutes a secondary grain. Three 

secondary grains are observed within the shroud sample C2, where the 

deviation of C2-M (and C2-D1 and C2-D2) from C2-S1, C2-S2, and C2-S3 is    . 

B13-M at the top of the aerofoil has the smallest distribution in mosaicity. It is 

also observed, that between sections B2 and B4 there is a marked increase in 

deviation of the axial orientation from <001>. Moreover, since the bulk 

deviation in primary <001> from the growth axis is constant from B4 all along 

the height of the aerofoil to B13 (Figure 7(b)), a sudden distortion in the growth 

direction has most likely occurred between sections B2 and B4. The exact reason 

for this is unknown, given the absence of section B3.  

 

(a) 
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(b) 

 

Figure 7: Neutron statistics gathered from the transmission experiment on IMAT. (a) The 

variation in obtained (002) Bragg-dip shift for all pixels that correspond to the specimen 

position in front of the MCP detector for all sample segments; d is the lattice spacing. The area 

under each peak is equal to 1 to normalise the results. For samples with one peak, the variation 

in (002) Bragg-dip shift displays a Gaussian distribution. (b) The distribution of average 

deviation of primary <001> from the z-axis (growth axis) with associated standard deviation 

(   ). The unstrained (001) plane wavelength of 3.5968 Å was used to calculate the deviation. 

The red dots indicate the main grain (M), which is determined from the peak with largest 
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frequency from (a). Blue dots are deviated grains within the same population, while green dots 

indicate secondary grains.  

 

3.4. Comparing Local Spacing (LS)-Maps with Mosaicity (M)-Maps 

A Gaussian distribution of average <001> mosaicity in respect to the z-axis is 

attained across each sample (Figure 7(a)). Thus, analogous to derivation of the 

LS-Maps (section 2.2), the mean and standard deviation of mosaicity can be 

used to normalise the data and observe common trends between different 

specimens. Mosaicity maps (M-Maps) and LS-Maps are illustrated within 

Figure 8. Within the M-Maps, local regions tending to the mean deviation for 

the entire array,  ̅     , are indicated, those approaching      are in bright 

yellow and those approaching      are in dark blue. Therefore, the yellow 

regions indicate locations of the specimen, where the <100> is most well aligned 

with the sample z-axis. As demonstrated from the M-Maps (Figure 8), mosaicity 

occurs in rows with similar deviation. As determined from the LS-Map, row 

mosaicity aligns perfectly with the [100] or [010] crystallographic directions. 

Row mosaicity spatial resolution is especially clear within A2, A5, A6, and B13 

whose thickness is      , therefore, it is influenced by the averaging effect of 

a transmission experiment (increase in spatial resolution with decrease in 

thickness). Inter-dendritic partitioning solute enriched regions (large  ̅     ) 

generally correspond to locations where the <001> is more well-orientated with 

the sample z-axis. A5, A6, B2, and B4 can be sub-divided into macroscopic 

regions with similar row orientations, where a boundary occurs at the interface 

between different grains. As observed within the LS-Map, refined  ̅      

(dendritic partitioning elements) occurs at these boundaries. 

 

The Gaussian distribution of grain mosaicity (Figure 7(a)) can be further sub-

divided into macroscopic sub-grains that attain similar primary <001> 

deviation. Within the aerofoil sections (Figure 8(b)), sub-grains are quantified 

by binarising and contouring the M-Maps from Figure 8(a) to find pixels with 

similar primary <001> orientation with respect to the z-axis. Each single crystal 

Gaussian can be sub-divided into three distinct regions, the bulk crystal 

orientation (red), sub-grains that are more well-orientated with the sample z-

axis (green), and sub-grains that are less well-orientated (blue). Row mosaicity 

and radial variations in primary <001> orientation deviation are clearly 
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identified. The maximum range in <001> deviation over a given cross-section 

for a specimen with a single grain is     . Sub-grain formation increases the 

Gaussian distribution of mosaicity observed within single crystals.  

 

(a) 
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(b) 

 
Figure 8: (a) Comparing LS-Maps with M-Maps to identify common trends between lateral 

macro-segregation and mosaicity. The mean and standard deviations for the LS-Maps and M-

Maps can be found in Figure 5(e) and Figure 7(b), respectively. Sample thickness can be found 

in Table 1. The secondary arm alignment directions ([100] and [010]) are indicated. Sub-grain 

boundaries are identified from the LS-Maps. DE is dendritic partitioning solute enriched; IE is 

inter-dendritic partitioning solute enriched; SGB is sub-grain boundary; GB is grain boundary; 

D is disordered; LD is less deviated; MD is more deviated. The geometry of sample A5 was not 
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uniform in the z-axis, resulting in a visual difference between the LS- and M-Map. (b) 

Quantifying sub-grains within the aerofoil. Sub-grains with lower primary <001> deviation 

from the z-axis is indicated in green and higher in blue. The <001> deviation resolution is     . 

Grey regions in (a) and (b) indicate parts of a sample not analysed in the statistics. 

 

3.5.  Multi-Crystal Mosaicity Mapping 

Following from Figure 7(b), sections that contained deviated and/or secondary 

grains, such as A1, B13, C2, and C3 were considered. Deviated and secondary 

grains are distinguished from sub-grains (Figure 8(b)) if their mosaicity is not 

contained within the Gaussian of the main grain (Figure 7(a)). Deviated and 

secondary grain locations within multi-crystal samples (Figure 9(a)) were 

quantified by firstly creating an M-Map of the bulk sample, then binarising and 

contouring to find the pixels associated with each grain (Figure 9(b)). Once 

identified, the mosaicity mapping technique (section 2.3) was applied to each 

grain individually and a multi-crystal M-Map was created (Figure 9(c)). Using 

this technique, an additional five small sub-grains with low pixel counts were 

also found within sample A1 (Figure 9(b)). Interestingly, two thin sub-grains 

(Al-SG4) on either side of the internal cooling channel within the turbine blade 

were observed whose secondary dendrite arms align extremely well. They also 

correspond to where the growing fronts from the left and right edge of the bi-

crystal converge. Such misorientation at convergent fronts has been reported in 

other studies [3, 46-48]. In sample B13, the two deviated grains identified in 

Figure 7(b) form on the lower surface of the leading-edge side of the aerofoil 

(D1 and D2). Primary <001> in B13-D1 and B13-D2 is more deviated from the 

growth axis than the main crystal B13-M. In C2, the location of the three 

secondary grains (S1, S2, and S3) and two deviated grains (D1 and D2) 

identified within Figure 7(a) are clearly highlighted. It should be noted that the 

deviation of primary <001> from the growth axis is markedly greater than in all 

other cases. This constitutes a high angle grain boundary, indicating that the 

secondary grains (S3, S4, and S5) have nucleated at the edge of the shroud 

region. In C3 the formation of two deviated grains is clearly demonstrated. 

Interestingly, regardless of deviated grain formation the mosaicity varies 

relatively smoothly across the sample (Figure 9(a)), with the most highly 

deviated part of the sample at the top of the tail in C3-D2 (Figure 9(c)). It is 
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worth mentioning, that deviated/secondary grain formation occurs at sample 

peripheries and many grains share common mosaicity with their neighbours.  

 

(a) (b) (c) 

 

Figure 9: Multi-crystal mosaicity mapping analysis identifying deviated and stray grains. The 

mean and standard deviation from the Gaussian distribution of each crystal is used to develop 

the multi-crystal mosaicity maps (M-Maps). The M-Maps of C2 and C3 looks different to the 

SEM micrographs in Figure 1(b) since their geometry was not uniform in the z-axis. The (001) 

deviation resolution is     . 

  

                  



30 of 41 
 

30 
 

4. Discussion 

4.1.  The Relationship between Local Primary Spacing and 

Mosaicity 

A Gaussian distribution of local primary arm spacing,  ̅     , can only be 

accounted for by a difference in dendrite tip kinetics across a given section, 

which in turn is related to constitutional undercooling. Further, the presence of 

curved liquidus isotherms results in lateral macro-segregation parallel to the 

growth front and hence the presence of thermo-solutal convection to sustain 

this. Lateral pressure gradients arise within the mush as a result of curved 

isopleths of concentration, resulting in the greatest thermo-solutal convection 

strength at the most advanced part of the interface [26, 44]; illustrated in Figure 

10(a). In addition to bulk flows driven by isotherm curvature, the interface 

morphology has important implications for fluid flow throughout the entire 

microstructure. For a critical Rayleigh number, lighter elements (Al, Ti) 

partitioning to the inter-dendritic region or heavier elements segregating to the 

dendrite core (W and Re) region stabilise upward flowing solute plumes driven 

from buoyancy effects. To preserve mass continuity, the plume flow from 

within the mush is sustained by downward flow from the bulk liquid [44]; as in 

Figure 10(a). A direct consequence of such fluid flow is therefore the Gaussian 

distribution of  ̅     , i.e., an increase in  ̅      (inter-dendritic element enriched 

liquid) is always accompanied by a decrease in  ̅      (dendrite partitioning 

solute enriched) elsewhere within the array [18, 38]. An experimental 

corroboration of this proposition is observed in the experiments reported in 

[49]. In Figure 10(a), dendrites that are growing in an inter-dendritic element 

solute enriched liquid, such as Al, Ti and Ta (in the vicinity of solute plumes – 

white contrast), are lagging behind their counterparts, where the liquid is 

segregate in dendrite partitioning solute, such as Cr, Co, W and Re (Figure 

10(b)).  
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Figure 10: (a) Real-time CMSX-4® dendritic growth captured using in-situ X-ray radiography 

[49]. Inter-dendritic partitioning element enriched plumes are identified as white within the 

micrograph; red arrows indicate flow direction. Blue arrows indicate flow direction of the bulk 

liquid to compensate for the upward flowing plumes. Thermo-solutal convection strength is 

dependent on the shape of the isotherm. Strongest convection exists at the most advanced part 

of the interface and is weakest at the part of the interface lagging. (b) Schematic representation 

of the influence of asymmetric solute flow on dendrite tip growth speeds and evolving primary 

spacing. (c) Schematic of the influence of hexagonal packing and dendrite four-fold symmetry 

on row bridging direction.  

In addition to the Gaussian distribution in  ̅      [18], each grain also attains a 

Gaussian distribution of primary <001> deviation (Figure 8(b) and Figure 9(a)). 

As observed in Figure 8(a), sub-grain mosaicity demonstrates good correlation 

with  ̅     . In aerofoil regions (A6, B2, B4, and B13), faster growing dendrites in 

dendrite partitioning solute attain smaller  ̅      and primary <001> shows a 

greater deviation from the growth axis compared with the slower growing 

dendrites enriched in inter-dendritic partitioning solute. This is a very key 
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observation from which it must be inferred that the primary <001> orientation 

responds to the changing solute field, which in turn is dictated by the solute 

flow and macro-segregation parallel to the growth front. Since, isotherm 

curvature determines the variation in local thermo-solutal convection (Figure 

10(a and b), it plays an important role in influencing tip growth kinetics and 

subsequent deviation of <001> from the growth axis during directional 

solidification. 

 

Sub-grain formation is well-documented and attributed to plastic deformation 

by dislocation motion during creep [50]. Owing to the dependence of  ̅      on 

the deviation of primary <001> from the growth axis, sub-grain formation 

involving deformation of dendrites must occur during directional growth, 

where creep is the principal deformation. In as-cast CMSX-4®, it has been 

shown that a burst in the precipitation of    occurs typically below  1200C, 

which in turn leads to a rapid increase in the yield strength of CMSX-4®. With 

decreasing temperature following cooling, elastic deformation therefore, begins 

to increasingly prevail over plasticity. This therefore imposes a lower bound for 

temperature, below which mosaicity related sub-grains cannot form, owing to 

the increase in yield stress. This minimum temperature must be typically  

1200C, which is close to the solvus. It is unlikely therefore that mosaicity arises 

from strains associated with precipitation of   , as pointed out by Siredey et. al. 

[22]. Also as observed in Figure 8(a,b) and Figure 9(c), mosaicity occurs in rows 

aligned with either the [100] or [010] crystallographic directions. For row 

mosaicity to be observed through the sample thickness, each dendrite within a 

row must be oscillating (plastically deforming) at a similar frequency, forming a 

low angle grain boundary at the interface. Previous studies into single crystal 

growth have confirmed the tendency for 2D arrays to oscillate laterally with 

sinusoidal motion [51] and dendritic row formation has been observed in 3D 

[43]. Recently, it has been established that single crystals naturally form 

hexagonally packed arrangements under stable growth conditions [18]. 

Dendritic growth and packing not only affects competitive growth between 

nearest neighbours, but also influences the extent of secondary dendrite arm 

bridging (lattice coherency). When arranged locally in a hexagonal pattern, 

dendrites with four-fold symmetry bridge more strongly in one principal 

direction, since the other direction is greater than the maximum micro-

segregation distance (i.e., >        - Figure 10(c)) and separated by inter-
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dendritic material (increase in lattice mismatch and reduced coherency). 

Therefore, row formation is the natural state of a single crystal array with four-

fold symmetry, where the preferred principal bridging direction is inherited 

from the seed or from competitive growth from within the spiral selector.  

 

 

4.2.  Mosaicity Related Defects 

Concave isotherms can result in isolated, thermally undercooled regions of 

liquid when there is a discontinuity in cross-section area (such as the platform 

or shroud) resulting in the nucleation of secondary grains with random 

orientation [52]. In this work, secondary grains are classified on the basis that 

mosaicity, unlike sub-grains, is not embeded within the Gaussian distribution 

of the main crystal, but occurs as a separate population with its own unique 

Gaussian distribution. This is typically, when the difference in axial deviation of 

primary <001> from the growth axis between the two Gaussian distributions is 

at least 10, as in case of Figure 7(b). As illustrated in Figure 9(c), all secondary 

grains are located within sample C2 at the periphery of the shroud. 

Interestingly, in samples A1, B13, C2, and C3 there are a number of other grains 

that typically share a common mosaicity with the main grain (Figure 9(c)) and 

not deemed as secondary grains. Within B13, the formation of two deviated 

grains is associated with a reduction in the  ̅      and an increase in array 

disorder at the grain boundaries (Figure 8). Consequently, their formation is 

related to an increase in dendrite tip growth rates and undercooling. 

Considering sample B12 also possesses this small  ̅      region (Figure 6(a)), 

undercooling has resulted in grain formation within the aerofoil         

before any apparent change in geometry (Figure 5(b)). Therefore, the formation 

of these deviated grains is dictated by the solutal undercooling, which is 

constitutional.  

 

Additional macroscopic sub-grains that span multiple mm are visually 

identified within A5, A6, B2, B4, and B13 (Figure 8). They are two regions of a 

specimen that attain similar [100] and [010] row orientation, whose (001) 

deviation from the z-axis is within the Gaussian distribution of mosaicity 

(Figure 8(b)). The boundaries between these bi-crystal sub-grains are indicated 

on the LS and M-Maps in Figure 8. It is pertinent to note, that there exists a 
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refined  ̅      region adjacent to each sub-grain boundary within the aerofoil 

sections, which suggests segregation of  dendrite partitioning elements in these 

locations. As shown in Figure 8(a), the bi-crystal was present within the 

platform (sample A5) and persisted throughout the entire aerofoil. Since, only a 

small part of the [100] sub-grain has remained in sample B13 (Figure 8), the 

[010] sub-grain must have overgrown the less well-orientated [100] neighbour. 

The bulk <001> deviation of these bi-crystals is not resolvable within the 

neutron statistics due to limitations on wavelength spatial resolution. 

 

Each grain attains a Gaussian distribution of mosaicity with an upper range of 

<001> deviation of      (Figure 8(b)). Moreover, a Gaussian distribution of 

 ̅      is always realised over a bulk cross-section [18]. Given the link between 

mosaicity and  ̅      variation (Figure 8(a)), the occurrence of a region of 

dendrites that are faster growing and more deviated must result in an 

equivalent region of dendrites that are slower growing and less deviated. Since, 

the isotherm curvature determines the thermo-solutal convection strength and 

the local tip growth kinetics parallel to the growing front (Figure 10(a and b)), it 

must play an important role in influencing mosaicity and sub-grain formation 

within the solidified microstructure. As the LS-Maps (Figure 4) enable the post-

mortem deduction of the variation in local tip growth kinetics, they can be used 

to make informed deductions about local variations in <001> deviation over a 

cross-section, where larger local disparities in  ̅      indicate regions more 

prone to large local <001> deviations and dendrite bending. It is important to 

observe, that the thermally undercooled region at the shroud peripheries in the 

I-Map of C2 (Figure 6(a)) also corresponds to the formation of the three 

secondary grains in Figure 9. Consequently, the I-Map can also be applied to 

make informed deductions about the potential location of thermally 

undercooled defect formation over a cross-section, which would otherwise 

require thermal modelling using software such as ProCAST (ESI Group, Paris, 

France). 
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Conclusions 

1. Time-of-flight energy-resolved neutron imaging can quantify local and 

bulk variations in mosaicity, as well as identify the location of sub-grains 

and secondary grains within single crystal specimens.  

 

2. A single grain attains a Gaussian distribution of mosaicity, with an 

upper range of <001> deviation of     . Each grain attains macroscopic 

regions with similar primary <001> deviation (sub-grains). Multiple 

grains exist if Gaussian distributions are remote from the main grain and 

can be deemed as separate populations.  

 

3. Dendrites hexagonally pack under steady state conditions, which results 

in the formation of row mosaicity defined by the [100] and [010] 

crystallographic directions. 

 

4. Mosaicity demonstrates good correlation with the  ̅     , where faster 

growing dendrites advancing into a liquid segregated in dendrite solute 

partitioning elements show more deviation of <001> from the growth 

axis, as compared with those dendrites growing into inter-dendritic 

partitioning solute and exhibiting slower growth kinetics.  

 

5. Liquidus isotherm shape deduced from the local primary spacing maps 

can be used to indicate regions where thermal undercooling driven 

defects can occur, such as geometric discontinuities. 
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