

  crystals-09-00149




crystals-09-00149







Crystals 2019, 9(3), 149; doi:10.3390/cryst9030149




Article



On Crystal Mosaicity in Single Crystal Ni-Based Superalloys



Philipp Hallensleben 1, Felicitas Scholz 1, Pascal Thome 1, Helge Schaar 2, Ingo Steinbach 2, Gunther Eggeler 1 and Jan Frenzel 1,*[image: Orcid]





1



Institute for Materials (IFM), Ruhr University Bochum, Universitätsstraße 150, 44801 Bochum, Germany






2



Interdisciplinary Centre for Advanced Materials Simulation (ICAMS), Ruhr University Bochum, Universitätsstraße 150, 44801 Bochum, Germany









*



Correspondence: jan.a.frenzel@rub.de







Received: 22 February 2019 / Accepted: 8 March 2019 / Published: 13 March 2019



Abstract

:

In the present work, we investigate the evolution of mosaicity during seeded Bridgman processing of technical Ni-based single crystal superalloys (SXs). For this purpose, we combine solidification experiments performed at different withdrawal rates between 45 and 720 mm/h with advanced optical microscopy and quantitative image analysis. The results obtained in the present work suggest that crystal mosaicity represents an inherent feature of SXs, which is related to elementary stochastic processes which govern dendritic solidification. In SXs, mosaicity is related to two factors: inherited mosaicity of the seed crystal and dendrite deformation. Individual SXs have unique mosaicity fingerprints. Most crystals differ in this respect, even when they were produced using identical processing conditions. Small differences in the orientation spread of the seed crystals and small stochastic orientation deviations continuously accumulate during dendritic solidification. Direct evidence for dendrite bending in a seeded Bridgman growth process is provided. It was observed that continuous or sudden bending affects the growth directions of dendrites. We provide evidence which shows that some dendrites continuously bend by 1.7° over a solidification distance of 25 mm.
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1. Introduction


Single crystal Ni-based superalloys (SXs) are high-temperature materials which can withstand mechanical loads at temperatures above 1000 °C. They are used to manufacture first stage blades in gas turbines for energy production and aero engines [1,2,3]. Creep research throughout the last few decades has shown that mechanical high-temperature properties strongly depend on microstructure [2,4,5,6,7]. Therefore, the evolution of the microstructure during processing of SXs is important because processing strongly affects the microstructure [2,8,9,10,11]. It is also well known that the production of high-quality SX components is no trivial task [6,12,13,14].



Careful control of solidification and heat treatment conditions is required to understand how dendritic and interdendritic regions form, and how the well-known γ/γ’ microstructure evolves [11,15,16,17,18,19,20]. In the present work, we focus on the evolution of the cast microstructure. While there is a good understanding on how large-scale (cast microstructure: dendritic and interdendritic regions, cast microporosity [21], segregation [15,17,18,19], and defects such as freckles [22,23,24], stray grains [25,26] and slivers [27]) and small-scale heterogeneities (γ’ volume fractions, γ’ sizes, γ channel widths, [15,28,29,30]) affect performance and how they can be controlled, there is one aspect which has received insufficient attention. With other single crystals, SXs share the phenomenon of mosaicity, which was first described by C.G. Darwin [31]. Experimental bulk SXs do not represent perfect single crystals. Instead, they exhibit a substructure which consists of individual crystalline regions which are slightly misoriented with respect to each other. In SXs these zones represent subgrains containing one or several dendrites which are separated by low angle grain boundaries (LAGBs) [32,33,34]. The corresponding misorientation angles are small (e.g., < 2°) and they are not always considered. However, the physical nature of mosaicity needs to be clarified for a full understanding of SX microstructures. Technical SXs always show dendritic microstructures which are associated with mosaicity. The scientific objective of the present work, therefore, is to rationalize SX mosaicity on the basis of elementary processes associated with the formation and evolution of dendritic microstructures [35,36,37].



Mosaicity, as shown in Figure 1, is a general microstructural feature of SXs as has been documented by Klam and Blank [33] as early as 1989. Since then, various studies on mosaicity have been conducted considering different types of samples, including cylindrical laboratory specimens [11,32,33], complex superalloy turbine blades [38,39,40,41] and other geometries [42,43,44,45,46]. It has been suggested that SX mosaicity is caused by the deformation of dendrites in the mushy zone during solidification [38,42,43,46,47,48,49]. In a directional solidification process SXs form by the growth of dendritic arrays. Each primary dendrite grows in a <001> direction. The formation of SX without mosaicity would require that all dendrites grow in a parallel manner. This is not the case in a realistic solidification scenario where slight misorientations up to several degrees are not unusual [11]. The mechanical deformation of individual dendrites during solidification results in crystal lattice rotations and thus in misorientations. A detailed overview of dendrite deformation phenomena has been published by Doherty [50]. In several publications, thermal and shrinkage stresses were invoked to explain the deformation of dendrites [38,50,51,52,53]. Other explanations, such as convective forces [54,55,56], precipitation-related phenomena [45], interactions with the mold wall [47,48,49], gravity [49] and asymmetric distributions of the solute around dendrite stems [46] have also been put forward.



Although it is widely accepted that dendrite bending represents the main origin of mosaicity in SXs [38,42,43,46,47,48,49], experimental evidence which supports this claim is scarce. Most previous studies used diffraction-based methods, such as the Laue method [33], (multi-axial) X-ray diffraction analysis [34,57,58,59], orientation imaging in the scanning electron microscope (SEM) by electron back scatter diffraction (EBSD) [38,42,43,48,53], X-ray topography [39,40,41,44,46,47,49,57,60] and γ-ray characterization [44,45]. Most of these techniques only reveal crystallographic information but do not provide information on the morphology of dendritic microstructures. Only three studies reported the direct observation of dendrite deformation [47,48,49]. These studies involve in-situ solidification experiments in a synchrotron beamline. Aveson et al. [47,48] considered SXs, while Reinhart et al. [49] obtained comparable results from an Al-Cu-based alloy. All previous studies document deformation processes like elastic forward and backward bending of dendrite parts during solidification [49]. However, the underlying solidification conditions in these experiments differ from conventional, unconstrained solidification. For the sake of X-ray transparency, the samples were thinner than a typical average dendrite spacing in an SX [61]. Thus, the mechanical interaction with the mold wall could directly affect dendrite growth and cause dendrite deformation.



In the present work, we investigate the formation and evolution of crystal mosaicity in a seeded Bridgman solidification process [11]. We use advanced optical microscopy in combination with quantitative image analysis and orientation imaging in the SEM. Efforts were made to evaluate the evolution of dendrite growth directions for large sampling fields (>50 dendrites), to investigate the effects of different solidification velocities, and to document the occurrence of dendrite bending events. The results are discussed in light of the present understanding of superalloy solidification and dendrite deformation processes.




2. Materials and Methods


Crystal growth/solidification experiments. A Bridgman furnace of type KZV-A40-400/161G-V from Gero GmbH (Neuhausen, Germany) was used to prepare 12-mm diameter ERBO1 (a CMSX-4 type alloy) single crystal cylinders with a length of 120 mm. A seed method was used to impose a precise <001> growth direction. All details describing the melting feedstock, seeds, crucibles, furnace geometries and process parameters are given in the literature [11]. Prior to solidification, the Bridgman furnace was heated to 1550 °C. Bridgman solidification was performed under a thermal gradient close to 11 K/mm [11], imposing solidification rates of 45, 180 and 720 mm/h. Precisely oriented seeds were obtained from a laboratory slab which was carefully characterized [15] using an interactive procedure involving Laue orientation and spark erosion machining. The material which was used as feedstock was purchased from Alcoa Howmet (Whitehall, USA). Further experimental details are given in Reference [11]. Figure 2a–f show optical micrographs of the cast material states.



The left column of Figure 2 (Figure 2a,c,e) presents cross-sectional micrographs where the viewing direction is parallel to the macroscopic solidification direction. The right column of Figure 2 (Figure 2b,d,f) contains longitudinal cross-sections. The three rows in Figure 2 correspond to three different withdrawal rates: Figure 2a,b (45 mm/h), Figure 2c,d (180 mm/h) and Figure 2e,f (720 mm/h). The direction of the longitudinal axis zS of the cylindrical bar is indicated on all micrographs. Figure 2 clearly shows that increasing withdrawal rates result in finer cast microstructures, especially in smaller primary and secondary dendrite arm spacings. Table 1 lists values for primary dendrite arm spacings (PDASs) for the three different material states.



Microstructural characterization. In the present study, an effort was made to quantify the evolution of individual dendrite growth directions. Dendrite growth directions were measured on longitudinal cross-sections as illustrated in Figure 3. Figure 3a shows how the projected angles δM (angle between central axis of the cylindrical bar and the dendrite growth direction) and δGB (angle between two neighboring dendrites) were determined. Angles were measured using the graphics software package Corel Draw X5 [62]. Figure 3b presents an optical micrograph with a reference line perpendicular to the central axis of the cylindrical bar which intersects with 8 dendrites. The two diagrams next to the optical micrograph show the δM and δGB angles for these 8 dendrites. We will use this simple 2D method later to identify specific trends in the evolution of microstructures during solidification. For the interpretation of our microstructural data, it is important to quantify the accuracy of our manual method. For this purpose, distributions of δM and δGB angles were evaluated for 52 dendrites in a large sampling field. These measurements were performed six times by one user on six different days. The results presented in Figure 4 show how the results vary. This is illustrated by plotting the difference between each individual measurement from days 2 to 6 and the measurement from day 1 (reference measurement yielding δMref and δGBref). As can be seen from Figure 4, the deviations—in a first order approximation—can be well represented by Gauss distributions. The corresponding standard deviations are smaller than 0.5°, which is sufficiently low. A second type of quantitative image analysis was performed on micrographs of the type shown in Figure 2b,d,f to trace specific dendrite growth paths. With help of the software ImageJ [63,64], the positions of individual dendrites were determined along their growth paths. The resulting coordinates were evaluated by applying a numerical fit procedure. This allowed to identify positions where individual growth paths deviated from straight lines, indicating dendrite bending. All optical micrographs were obtained from as-cast SXs which were etched using a solution consisting of 100 mL H2O, 100 mL HCl, 100 mL HNO3 and 3 g MoO3. The different material states were characterized using an optical microscope of type Zeiss Axio. Samples for metallographic characterization were cut from the cylindrical SX bars using a high precision cutting machine of type Struers Secotom-10. Specimen surfaces were prepared by common metallographic procedures. The final polishing step was performed using a 1 μm diamond suspension. In addition to optical microscopy, superalloy microstructures were characterized by orientation imaging SEM using a new correlative EBSD method with a high angular resolution (RVB-EBSD method [65]). This technique yields a significantly higher angular resolution as conventional EBSD. For the visualization of RVB-EBSD data, a new type of color-code was used, which allows to appreciate small changes in crystallographic orientation. SEM was performed at 30 kV using an FEI Quanta FEG 650 equipped with an EBSD detector of type EDAX Ametek Hikari. Orientation imaging was performed using a step size of 3.3 μm, which was significantly smaller than the spacing between primary dendrites (of the order of 200 µm).



Numerical simulations. In the present study, the finite element modeling (FEM) software package Wincast Expert from RWP GmbH in Roetgen, Germany, was used to calculate temperature profiles during processing. The derived liquidus and solidus isotherms are important as their shapes affect dendrite growth competition and thus the evolution of dendrite growth directions during solidification. The geometry and thermal properties (best available data from References [66,67,68,69]) of all relevant elements of the furnace/crucible-assembly (e.g., heaters, crucible, feedstock, baffle, cooling chamber, …) were considered and a model consisting of more than 7 million nodes was used for the calculations [11]. While previous FEM calculations were performed based on a static scenario, in the present work, dynamic aspects associated with varying withdrawal rates are considered. Figure 5 illustrates our FEM procedure and compiles relevant results. Figure 5a contains a simplified schematic drawing of our setup. Two coordinate systems are used to specify positions. The coordinates xS and zS represent the sample coordinate system which is fixed to the solidifying sample. zS is parallel to the longitudinal axis of the SX cylinder. The position zS = 0 mm corresponds to the lower end of the cylinder, i.e., the lower part of the seed crystal. A second coordinate system is fixed to the moving furnace, where zBF = 0 corresponds to the upper end of the baffle. Figure 5b contains color-coded FEM results which show how slow (45 mm/h) and fast (720 mm/h) withdrawal rates affect temperature profiles. Most importantly, the solidification rate affects the positions and shapes of the liquidus and solidus isotherms (red and blue lines in Figure 5b). Experimental results supporting the FEM data are presented in Figure 5c,d. Figure 5c shows an optical micrograph obtained from a polycrystalline superalloy sample which was heated to 1550 °C, held in the liquid state for 30 min, and then rapidly cooled. The resulting microstructure of the region which was fully liquid prior to rapid cooling differs from what could be observed in the remaining part of the superalloy bar. The crosses mark the transition region between the prior mushy zone and the melt, which corresponds to the liquidus isotherm. The same position data are presented in Figure 5d together with predictions of the FEM calculations, which were performed for the same conditions as the experiment. The good agreement between the two data sets in Figure 5d confirms the reliability of our FEM method. The two dashed horizontal lines in Figure 5d represent the upper and lower end of the baffle which was used in the process.




3. Results


Evolution of dendrite growth directions.Figure 6 compiles microstructural information which was collected from different height positions of a cylindrical SX bar which solidified under a withdrawal rate of 180 mm/h. Four sets of images are presented, each consisting of one optical micrograph and two distributions, showing how the angles δM (dendrite growth direction) and δGB (angle between two neighboring dendrites) vary across the SX bar. Figure 6a represents the seed crystal. The majority of δM values have small negative numbers which proves that the seed was slightly misoriented. The data in Figure 6a also indicate that the seed is characterized by some scatter in δM and δGB over the cross-section of the bar. Figure 6b,d illustrate how the parameters which characterize the dendritic microstructure change as one moves up the bar to zS positions of 14, 41 and 100 mm. Figure 6a shows that the seed material has a relatively coarse primary dendrite arm spacing close to 500 µm. In contrast, all parts of the newly-grown SX cylinder show much finer dendrite spacings (Figure 6b–d). This is related to the high-temperature gradient which characterizes our method [11].



The δM and δGB data in Figure 6b–d allow to identify two important trends. First, as we move from the lower to the upper part of the cylinder, the scatter in δM and δGB angles increases. The standard deviations for both parameters, σ0(δM) and σ0(δGB), and the maximum and minimum angles listed in the rectangular inserts in the evaluation plots of Figure 6 describe this trend which can easily be appreciated by the wider data spreads for later solidification stages. The results presented in Figure 6 suggest that the single crystal quality decreases during solidification. Second, the micrographs, as well as the evolution of the δM distributions, suggest that dendrites have a tendency to grow outwards, away from the central bar axis. This effect is known as fanning in the literature [46]. Figure 7 compiles raw data presented in Figure 6 and shows how average, minimum/maximum values and standard deviations evolve during solidification, i.e., when moving from the lower to the upper end of the technical single crystal (increasing zS-values). The vertical dashed lines in Figure 7a,b separate the back melted seed (on the left) and the newly grown crystal (right sides of the lines). The data presented in Figure 7a highlight one key feature of crystal mosaicity: While the average orientation of all dendrites remains almost constant, the scatter in dendrite orientations increases. However, this does not hold for the max./min. values and the standard deviation. The same trend was observed for the misorientations between individual dendrites (Figure 7b). Figure 8 presents results obtained from another crystal which was grown at a higher velocity of 720 mm/h. The optical micrographs, the distributions of δM and δGB angles in Figure 8a,b and the data compilations in Figure 8c,d indicate qualitative similar trends as reported above for the slower solidification rate of 180 mm/h. There is, however, one important difference: at a higher solidification rate, the microstructural scatter with respect to δGB angles is less pronounced.



Figure 9 represents a compilation of dendrite orientation data for seven SX cylinders. Figure 9a shows how standard deviations of dendrite growth angles σ0(δM) evolve during solidification. The data are plotted as a function of the longitudinal specimen coordinate zS. Data points on the left of the dashed vertical line are seed data, while data points on the right were measured on longitudinal sections of the newly-grown crystals. The results show that as solidification proceeds, the scatter in dendrite orientations increases. It is interesting to see, that in one case, for an SX bar which solidified at a rate of 720 mm/h, the high starting scatter in the seed was (apparently) not passed on to the new crystal (one of the blue curves in Figure 9a connecting the blue triangular symbols). In case of one ingot prepared at a solidification rate of 45 mm/h, a local maximum followed by a decrease in the dendrite orientation spread was observed in the later solidification stages (one of the three black curves in Figure 9a, with full circular symbols). While there is a large scatter in Figure 9a, one can see that there is a general trend: scatter in dendrite directions increases during solidification. Figure 9b shows how the standard deviations of angles between neighboring dendrites σ0(δGB) of the seven SX ingots evolve during solidification at different growth rates. The two SX bars which were processed at a high solidification rate of 720 mm/h show low scatter in misorientations, which does not change during solidification. For the five other ingots, it was observed that the σ0(δGB) values characterizing the material states obtained from the late stages of crystal growth (corresponding to high zS positions) are larger than in the case of the seed material. From Figure 7 and Figure 8 we know that the actual angular scatter is not really large. However, the results presented in Figure 9 reveal that there is scatter in the growth directions and misorientation angles of dendrites, which can differ between most SX bars, even when they were prepared under identical experimental boundary conditions.



Dendrite bending during solidification and crystallographic analysis. In the previous sections, crystal mosaicity has been analyzed evaluating dendrite growth directions. We now switch to a different type of analysis which focusses on dendrite growth paths (Figure 10). The optical micrograph in Figure 10a shows a longitudinal cross-section of an SX cylinder which was prepared at a withdrawal rate of 45 mm/h. We keep in mind that the left and right parts of Figure 10a correspond to the early and later stages of the solidification. The micrograph in Figure 10a represents a rare case, where all dendrites lie in the cross-section, such that specific dendrites can be traced over relatively large distances. Three dendrites are highlighted by blue, brown and green arrows in Figure 10a. The growth trajectories of these dendrites were investigated by image analysis as illustrated in Figure 10b. The small crosses in Figure 10b indicate the centers of the primary dendrite arms, for which coordinates were determined. For the three selected dendrites, these coordinates are plotted in Figure 10c as a function of the local image coordinate zi, which is parallel to the longitudinal axis of the SX cylinder. Figure 10c allows us to prove that the growth paths of the three dendrites do not precisely follow straight lines. The start and end regions of the different data sets are characterized by different growth angles which can vary from 1.4° to 3.1° during the ≈25 mm of crystal growth. In Figure 10d the deviation Δxi between the measured data (symbols) from linearity (red line in Figure 10c) is plotted for each of the three growth paths. From the results, one must conclude that there is continuous dendrite bending during solidification.



Figure 11 presents more metallographic evidence for dendrite bending. Figure 11a is an optical micrograph taken from the same type of longitudinal cross-section as introduced in Figure 10 (left part of micrograph: early stage of the solidification; right part: later solidification stage). In Figure 11a, one dendrite is marked by three white arrows. A closer look at this dendrite reveals that it has suffered two bending events during solidification at the locations marked by the two red arrows. These bending events cause the non-linear solidification path shown in Figure 11b. The growth path does not follow the straight dashed blue line shown in Figure 11b. Three straight red line segments which intersect at angles close to 1.6° better describe the dendrite coordinates. We note that the intersection points of the straight lines correspond to the regions where dendrite bending occurs. Figure 11c documents how the deviation from linearity evolves as we move from the left to the right side of Figure 11a along the local image coordinate zi. The data presented in Figure 11 prove that the growth path of the dendrite cannot simply be rationalized by one straight line (blue dashed reference line). However, a three-line fit (red lines) matches the growth path quite well. These results clearly show that the corresponding dendrite has experienced a back-and-forth type of bending within a growth interval close to 16 mm.



The microstructural results in Figure 12 confirm that different dendrite orientations correlate with different crystal orientations. Figure 12a shows an SEM back scatter electron (BSE) micrograph with dendrites growing from the left to the right. Two dendritic regions are marked by arrows. Their subgrain structure is presented in the RVB-EBSD/OIM plot of Figure 12b, where crystal orientations are mapped using the color-coding specified in the pole figure of Figure 12c. RVB-ESBD can identify full crystallographic details and is not restricted to projected 2D orientation data as in the case of the dendrite growth angle analysis (Figure 3, Figure 6 and Figure 8). The pole figure shows the distribution of the primary [001] crystal directions which are very close to the longitudinal axis zS. The pole figure was rotated 90° towards the viewing direction which characterizes the BSE and EBSD micrographs presented in Figure 12. The color-coded orientation mapping in Figure 12b proves that specific dendrites with different growth directions are characterized by different crystal orientations.



In order to interpret the morphology of the as-cast dendrite structures in the cylindrical bar, one has to know how the positions and shapes of liquidus and solidus isotherms evolve during casting, and how they depend on withdrawal rates. The corresponding results are important, as liquidus and solidus isotherms generally affect dendrite growth competition/selection processes, and thus the evolution of dendrite growth directions during solidification. Different casting stages (early, intermediate and late) correspond to different zS-values in the bar (low: 14 mm; intermediate: 50 mm; high: 100 mm). The corresponding information for liquidus line data is given in Figure 13a–c, which corresponds to solidification rates of 45, 180 and 720 mm/h. In all three figures, there are two horizontal dashed lines which represent the upper and lower ends of the baffle. For slow solidification rates, the location of the liquidus temperature with respect to the baffle, zBF (see definition in Figure 5a), hardly changes and the curves which correspond to different solidification stages are close to each other. For a withdrawal rate of 45 mm/h, the isotherms show a convex curvature, Figure 13a. This is in agreement with similar data reported in the literature [70,71]. As the withdrawal rate increases, the distance between the upper end of the baffle and the solidus isotherm increases (Figure 13b,c). It should be outlined that for a solidification rate of 180 mm/h all curves remain convex. In contrast, for a solidification rate of 720 mm/h, a transient behavior can be observed. Note that for high solidification rates, the concave liquidus isotherms associated with intermediate and later stages of solidification are close to the lower end of the baffle (Figure 13c).




4. Discussion


Evolution of mosaicity. In the present work, we study the evolution of crystal mosaicity in SX using optical microscopy in combination with quantitative image analysis. In contrast to other studies, mosaicity is analyzed on the basis of projected dendrite growth directions, Figure 3. The comparison between this type of microstructural data and crystallographic EBSD results in Figure 12 confirms that deviations of dendrite orientation are directly associated with deviations in crystal orientation. However, our procedure can only assess projected 2D data. Thus, it does not allow us to measure the real angle between dendrites, neither does it reflect 3D aspects of dendrite growth. As a consequence, there is a need to further investigate the evolution of dendritic microstructures and crystal mosaicity using 3D serial sectioning techniques.



The results presented in Figure 6, Figure 7, Figure 8 and Figure 9 allow us to identify specific aspects of crystal mosaicity, which are related to two factors. First, the quality of the seed plays a role. The newly grown crystal not only inherits its crystallographic orientations from the seed crystal, additionally, the seed also passes its mosaicity on. The preparation and analysis of high-quality single crystals require that this aspect is considered. Second, a continuous deformation of dendrites also is a factor which contributes to mosaicity. Figure 6, Figure 7, Figure 8 and Figure 9 document that the degree of mosaicity progressively increases during solidification. This is in agreement with previous diffraction results reported in the literature [45,46]. The results obtained in the present work suggest that the major part of mosaicity is associated with continuous dendrite deformation by bending (Figure 10). The microstructural results presented in Figure 6, Figure 7, Figure 8 and Figure 9 suggest that misalignments in dendritic superalloy microstructures are characterized by two components: First, the orientation deviations between individual neighbor dendrites (corresponding to δGB angles in Figure 6, Figure 7b, Figure 8 and Figure 9b seem to be randomly distributed. These deviations do not give rise to projected angles in excess of 4°. Second, the observed outward growth of dendrites shown in Figure 6, Figure 7 and Figure 8 is systematic. This phenomenon was observed for all material states considered in the present work and did not depend on the solidification rate. All crystals prepared in the present study feature mosaicity. Our results suggest that mosaicity represents an inherent feature of SXs, which is directly related to the elementary processes which govern dendritic solidification. It is important to highlight that while mosaicity progressively increases during solidification, the average dendrite orientations remain nearly unaffected (Figure 7 and Figure 8). Another interesting observation is that each SX bar shows its own individual crystal mosaicity which always differs between different SXs, even when they were prepared using identical processing conditions (Figure 9). Dendritic solidification has a stochastic and chaotic nature, which accounts for this finding. Small initial differences in local dendrite orientations accumulate during solidification and it is difficult to predict the mosaicity fingerprint of a microstructure which forms in the late solidification stages.



Dendrite deformation and mosaicity.Figure 14 schematically illustrates elementary mechanisms which account for crystal mosaicity. The different growth directions of dendrites result in the formation of subgrains and LAGBs. The results obtained in the present work suggest that dendrite misorientations mainly result from primary dendrite bending. Moreover, bending of secondary dendrite arms can be observed from which misoriented tertiary dendrites emanate, as proposed by Bogdanovicz et al. [39] (Figure 14). This process was only rarely observed in the present study. Further work is required to experimentally address such branching events.



The present study provides direct evidence for dendrite bending during regular Bridgman solidification (Figure 10 and Figure 11). Differences in dendrite growth directions do not always need to be associated with variations in local crystal orientation. Doherty [50] subdivided dendrite bending into mechanical bending and morphological bending. He attributed mechanical bending to mechanical forces arising from thermal [45], shrinkage [51,52] or convective stresses [54,55,56,72,73]. These stress driven processes result in crystal lattice rotations. As discussed by Schaefer et al. [46], the mechanisms which cause dendrite bending operate on fairly large length scales. Figure 10 documents that dendrites bend by 1.7° within a growth interval of 25 mm. Morphological bending [50,74], on the other hand, represents a phenomenon where the alloy chemistry of the liquid phase locally affects undercooling conditions. This alters the preferential growth direction such that it deviates from the ideal direction promoted by crystallography [75,76]. Morphological bending only has a weak effect on the crystal lattice orientation.



It is not easy to clarify whether dendrite bending, as observed in Figure 10 and Figure 11, is governed by mechanical or morphological bending. Efforts to clarify this by using EBSD were not in all cases successful. The absolute accuracy of our EBSD/SEM hardware setup is insufficient to reliably detect angular differences of the order of 1° over larger distances (here: several centimeters). Nevertheless, preliminary results (not shown here) suggest that the type of dendrite deformation observed in Figure 10 represents mechanical bending. In contrast, no significant change in crystal orientation could be observed for the case of the sample region presented in Figure 11, where one isolated dendrite bends back and forth by 1.6° during several millimeters of growth. This is probably the result of a pure morphological bending which resulted from chemical interactions between neighboring dendritic regions during solidification. We finally consider the outward growth of dendrites, Figure 6 and Figure 8. One may feel that this macroscopic phenomenon is related to the presence of convex liquidus/solidus isotherms during solidification (Figure 5b and Figure 13c). It is not unreasonable to assume that the convex shape of the isotherms promotes the outward growth of dendrites. But since outward growth is also observed for high solidification rates where solidification is governed by concave isotherms, Figure 13c, this cannot be the explanation. The results presented in Figure 10 suggest that outward growth is governed by dendrite bending. This can be related to mechanical interactions between the mushy zone microstructure and the crucible wall. Siredey et al. [45] suggested that the precipitation of secondary γ’ particles, which occurs during Bridgman processing, significantly affect thermal expansion coefficients. When the resulting non-uniform shrinkage is large enough it may well affect dendrite growth in the mushy zone. By combining diffraction experiments with FEM calculations, Siredey et al. [45] predicted the type of geometrical distortion which we observed in our solidification experiments (Figure 6 and Figure 8 (see Figure 14 in Reference [45])).



How to minimize crystal mosaicity. The results of the present study allow us to discuss measures which could help to minimize mosaicity. The microstructural data presented in Figure 9b suggest that the two SX bars prepared with a solidification rate of 720 mm/h yield the lowest misorientations between dendrites. This indicates that faster solidification rates are beneficial because they result in less dendrite deformation. For a complete understanding of microstructure evolution during processing of SXs superalloys, this aspect is well worth further consideration. It seems surprising that a fast solidification rate of 720 mm/h results in low dendrite misorientations. After all, the corresponding solidification conditions are associated with finer/thinner dendrite stems which can more easily bend. Additionally, the more intense microscale partitioning of alloy elements and the resulting stronger convective forces in the melt should result in the opposite behavior. Further work is required to analyze and to rationalize these findings on a sound statistical basis.



One possible option to minimize crystal mosaicity is to apply a rejuvenation treatment. Figure 15 shows different solidification scenarios which are associated with different levels of crystal mosaicity. In Figure 15a, dendrites grow in a tube-shaped crucible. In agreement with our observations (Figure 9, Figure 10 and Figure 11) dendrite misorientations continuously increase during solidification and thus there is a high degree of mosaicity in regions which solidified in the late processing stages. In Figure 15b a different scenario is shown. Here solidification occurs in a crucible with a constrained region. Only one dendrite manages to pass through this bottleneck part of the crucible. Further solidification is governed by dendrite branching events which establish a rejuvenated microstructure with low dendrite misalignments. Although this is a way to control mosaicity, it may not be applicable in Bridgman single crystal processing. Another possibility which may help to decrease mosaicity is presented in Figure 15c, where all dendrites have the same misalignment. During solidification, branching events continuously promote the formation of new dendrites. Due to geometrical constraints, these dendrites do not reach the critical lengths which go hand in hand with higher misorientation angles. This type of process may well operate in industrial turbine blade production when slightly misaligned dendrite arrays grow through thin-walled parts of a mold, where dendrites cannot reach critical lengths. The scenarios considered above are hypothetical, but the discussion shows that they are governed by highly interesting mechanisms which merit further study.




5. Conclusions


In the present study, we investigate the evolution of crystal mosaicity in Ni-based superalloy single crystals during seeded Bridgman processing. We interpret crystal mosaicity by invoking variations of dendrite growth directions which were carefully determined using advanced optical microscopy in combination with quantitative image analysis. The following key findings were obtained:

	1)

	
Crystal mosaicity represents an inherent feature of dendritic single crystal superalloy microstructures related to elementary stochastic processes which govern solidification.




	2)

	
Two sources of mosaicity have been identified: First, mosaicity is inherited from the seed crystal which is used to impose crystallographic target directions. Second, the degree of mosaicity increases by dendrite deformation, while the average dendrite/crystal orientations remain constant.




	3)

	
Almost every single crystal investigated in the present study has its own mosaicity fingerprint. Two crystals always differ in this respect, even when they were made using identical processing conditions. Small differences in the orientation spread of the seed crystals, as well as small stochastic orientation deviations, continuously accumulate during solidification. This eventually results in individual misorientation types and it represents an experimental evidence for the chaotic nature of mosaicity evolution.




	4)

	
We provide direct evidence for dendrite bending in a seeded Bridgman growth process. It was observed that continuous or sudden bending affects the growth directions of dendrites. It was observed that some dendrites continuously bend by ≈1.7° within a 25-mm growth interval.
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Figure 1. Crystal mosaicity in a Ni-based superalloy which was prepared by seeded Bridgman processing in the present study. The varying contrasts of dendrites are related to small misorientations (scanning electron microscopy image, back scatter contrast). 
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Figure 2. Effect of withdrawal rates on dendritic microstructures. (a,b) 45 mm/h; (c,d) 180 mm/h; (e,f) 720 mm/h. Left column: sections perpendicular to the solidification direction. Right column: sections parallel to the solidification direction. 






Figure 2. Effect of withdrawal rates on dendritic microstructures. (a,b) 45 mm/h; (c,d) 180 mm/h; (e,f) 720 mm/h. Left column: sections perpendicular to the solidification direction. Right column: sections parallel to the solidification direction.



[image: Crystals 09 00149 g002]







[image: Crystals 09 00149 g003 550]





Figure 3. Evaluation of dendrite growth directions. (a) Determination of projected dendrite growth directions and projected angles between adjacent dendrites. (b) Example for quantification of in-plane dendrite misorientations. 
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Figure 4. Precision of the applied orientation analysis. For details see text. 
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Figure 5. Analysis of temperature distributions during seeded Bridgman solidification. (a) Key elements of the Bridgman furnace and local coordinate systems. (b) Color-coded FEM results for withdrawal rates of 45 and 720 mm/h. Liquidus (short thick red lines) and solidus isotherms (short thick blue lines). (c) Optical micrograph which documents the position of the liquidus isotherm (marked by black crosses). (d) Liquidus isotherms: comparison of experimental and calculated data. The two dashed lines correspond to the upper and lower ends of the baffle. 






Figure 5. Analysis of temperature distributions during seeded Bridgman solidification. (a) Key elements of the Bridgman furnace and local coordinate systems. (b) Color-coded FEM results for withdrawal rates of 45 and 720 mm/h. Liquidus (short thick red lines) and solidus isotherms (short thick blue lines). (c) Optical micrograph which documents the position of the liquidus isotherm (marked by black crosses). (d) Liquidus isotherms: comparison of experimental and calculated data. The two dashed lines correspond to the upper and lower ends of the baffle.



[image: Crystals 09 00149 g005]







[image: Crystals 09 00149 g006 550]





Figure 6. Evaluation of dendrite misorientations for various zS positions in an SX cylinder prepared with a withdrawal rate of 180 mm/h. (a) Seed crystal: zS = 5 mm. Newly-grown crystal: (b) zS = 14 mm, (c) zS = 41 mm, (d) zS = 100 mm. 
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Figure 7. Evolution of dendrite growth directions during solidification with a withdrawal rate of 180 mm/h (same ingot as considered in Figure 6). (a) Dendrite growth direction angle δM. (b) Angle δGB between adjacent dendrites. The vertical dashed lines indicate the position of the transition zone between seed and newly grown crystal. 
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Figure 8. Evolution of dendrite growth directions during solidification for an SX ingot prepared at a fast withdrawal rate of 720 mm/h. (a) Optical micrograph together with the corresponding dendrite growth angles δM and δGB for a bar position of zS = 14 mm. (b) Same information as in the previous figure for bar position zS = 100 mm. (c) Evolution of dendrite growth direction angles δM (mean, max., min. and standard deviation). (d) Evolution of angle δGB between adjacent dendrites. The vertical dashed lines in Figure 8c,d indicate the position of the transition zone between seed and newly grown crystal. 
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Figure 9. Evolution of scattering in dendrite orientations for seven different SX ingots along their longitudinal axes. (a) Standard deviation of dendrite growth direction angles δM. (b) Standard deviation of angles between adjacent dendrites δGB. The dashed vertical lines indicate the transition zone between seeds and newly grown crystals. 
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Figure 10. Experimental evidence for dendrite bending. Withdrawal rate: 45 mm/h. (a) Overview micrograph; for details, see text. (b) Higher magnification image of the rectangular region in Figure 10a. The small crosses represent data points where dendrite coordinates were determined. (c) Growth paths of the three dendrites marked in Figure 10a. (d) Deviation from linearity of dendrite growth paths. 
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Figure 11. Evidence for two sudden bending events. (a) Overview micrograph. The white arrows highlight one single dendrite which suffered two sharp bending events marked by red arrows. (b) Dendrite growth path. (c) Deviation from linearity. For details see text. 
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Figure 12. Correlation between dendrite growth directions and crystal orientations. (a) SEM back scatter electron (BSE) micrograph. (b) Corresponding RVB-EBSD map of the [001] direction; for color-coding, see next figure. (c) Pole figure with color-coding for the previous figure. The same dendrites are marked in each figure. 
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Figure 13. Effect of withdrawal rates on the evolution of liquidus isotherm curvatures and positions during Bridgman processing. Different casting stages (early, intermediate and late) correspond to different zS-values in the bar (low: 14 mm; intermediate: 50 mm; high: 100 mm). (a) v = 45 mm/h, (b) v = 180 mm/h (c) v = 720 mm/h. For details see text. 
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Figure 14. Schematic illustration on the evolution of crystal mosaicity in SX superalloys: bending of primary and secondary dendrite arms. LAGBs are highlighted by arrows. 
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Figure 15. Potential scenarios which result in different levels of crystal mosaicity. (a) Formation of a high degree of mosaicity during directional solidification. (b) Formation of a low mosaicity microstructure after overcoming a growth obstacle. (c) Continuous branching followed by continuous re-emerging. 
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Table 1. Effect of the withdrawal rate on the average primary dendrite arm spacing (PDAS).






Table 1. Effect of the withdrawal rate on the average primary dendrite arm spacing (PDAS).





	Withdrawal Rate (mm/h)
	PDAS (µm)





	45
	243



	180
	205



	720
	148
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