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Abstrakt 
 Růst monokrystalů z tavenin může být doprovázen vznikem posloupností strukturních 
nedokonalostí v tuhé fázi, která je dána podmínkami krystalizace a chemického složení v 
krystalu. Při určitých podmínkách přenosu tepla a hmoty dochází k periodickému kolísání 
rychlosti krystalizace, což vede k změně charakteru rozdělování příměsí v objemu rostoucího 
monokrystalu a k změně jeho substruktury. Nahromadění příměsí před frontou krystalizace a 
zvětšení stupně koncentračního přechlazení může způsobit značný vzrůst rychlosti pohybu 
fronty krystalizace a změny v obsazení příměsí rostoucím krystalem na povrchu fázové hranice. 
Kolísání mikroskopické rychlosti krystalizace způsobuje vznik pásové struktury, pozorované na 
podélných řezech monokrystalů.  
 V příspěvku jsou teoreticky a experimentálně studovány segregační jevy a vznik 
růstových pásů a růstových jader během krystalizace. Nízkolegované monokrystaly wolframu a 
molybdenu legované iridiem a rheniem byly připraveny metodou elektronového zonálního 
tavení (metoda FZ) použitím tří různých rychlostí průchodu roztavené zóny. Ke stanovení 
koncentrace příměsí ve vzorcích byla aplikovaná elektronová vlnově disperzní mikroanalýza a 
instrumentální neutronová aktivační analýza. Zjištěný sinusový průběh koncentračních profilů 
rhenia a iridia v monokrystalech molybdenu souvisí se vznikem růstových pásů. S pomocí 
instrumentální neutronové aktivační analýzy byly stanoveny efektivní rozdělovací koeficienty 
legujících prvků v molybdenu a wolframu metodou ztuhlé zóny. 
 
 
Abstract  
 The growth of single crystals from melts may be accompanied by creating a sequence 
of structural imperfections in the solid phase which is given by the conditions of crystallization 
and the crystal chemical composition. A periodical variation of the crystallization rate happens 
under certain conditions of the heat and mass transfer, which leads to a variation of the character 
of distribution of admixtures in the volume of the growing single crystal and its substructure. An 
accumulation of admixtures in front of the crystallization front and increasing of the 
crystallization undercooling may cause a considerable rise of the speed of movement of the 
crystallization front and changes of the admixture occupation in the growing crystal on the phase 
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boundary surface. The variation of the microscopic crystallization rate causes a creation of a 
band structure observed on longitudinal cross sections of single crystals.  
 The segregation phenomena and the formation of growth bands and cores during the 
crystallization were theoretically and experimentally studied. Low-alloyed single crystals of W 
and Mo doped with Ir or Re were prepared by the electron beam zone melting (floating zone 
method) applying three different zone pass rates. The electron wave dispersive analysis and the 
instrumental neutron activation analysis were used for the determination of admixtures 
concentration in specimens. The detected sinusoidal character of concentration profiles of Ir and 
Re is related to the growth band occurrence in the Mo single crystals. The effective segregation 
coefficients of admixtures in molybdenum and tungsten were determined by means of INAA 
with the freeze zone. 
 
Key words: Segregation, refractory metals, molybdenum, tungsten, segregation coefficient, 
concentration undercooling, convection 
 
 
1. Introduction 
 The growth of single crystals from melts may be accompanied by creating a sequence 
of structural imperfections in the solid phase which is given by the conditions of crystallization 
and the crystal chemical composition. A periodical variation of the crystallization rate occurs 
under certain conditions of the heat and mass transfer, which leads to a variation of the character 
of admixtures distribution in the volume of the growing single crystal and its substructure. An 
accumulation of admixtures at the crystallization front and increasing of the crystallization 
undercooling may cause a considerable rise of the speed of movement of the crystallization front 
and changes of the admixture occupation in the growing crystal on the phase boundary surface. 
The variation of the microscopic crystallization rate causes a creation of a band structure 
observed on longitudinal sections of single crystals. This phenomenon was observed in single 
crystals in the area of solid solutions of low-alloyed W – Re and Mo – Ir alloys prepared by the 
method of electron beam zone melting (FZ method). 
 
 
2. Temperature conditions of crystallization 
 For a smooth growth of crystals it is necessary to ensure a continuous removal of the 
latent heat of solidification (molar enthalpy of the phase transformation) from the phase 
boundary. This is, however, possible only at a certain temperature gradient in the area adjacent 
to the solid - liquid interface connected with the interface movement. The shape of the phase 
boundary is largely influenced by the temperature course in its surroundings, which depends on 
the type of the removal of the latent heat of solidification. The speed of movement of the phase 
boundary is then given by the speed of the heat removal.  
 Two different types of the heat removal, which influence the crystallization process 
essentially, may occur on the solid–liquid interface [1, 2]: 

• the heat is only removed by the solid phase, the temperature gradient is positive in both 
the solid and liquid. If the growth rate is very slow, the interface is flat and a normal 
directional crystallization takes place there. 

• the melt is undercooled, the heat transfer proceeds through both the solid phase and the 
melt, the temperature gradient in the melt is negative, the growth rate is high and a 
dendrite crystal growth happens on the interface. 
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 The temperature gradient is positive if there is a higher temperature in the melt in 
front of the crystallization plane than on the phase boundary. If the temperature gradient is 
negative, the temperature in front of the crystallization plane is lower than the temperature of 
crystallization and the melt is undercooled. 
 
 
2.1 Morphology of interface boundary 
 The admixture build-up (with equilibrium segregation coefficient koB < 1) in the liquid 
adjacent to the solidifying interface and the creation of concentration undercooling result in 
disturbance of stability of relatively plane liquid - solid interface. It has an essential importance 
for the formation of crystallization nuclei, atomic kinetics and anisotropy of growth. The 
concentration undercooling also influences the interface morphology, the crystals size, and 
primary grains as well as the distribution of defects in crystals.  The existence of the 
undercooled melt area causes instability of crystallization and is a condition for the creation of 
branched structures of cellular and dendritic types in real alloys. Cellular and especially 
dendritic growths result in inhomogeneities of chemical composition known as dendritic micro-
segregations. 
 
 
3. Transport mechanisms in liquid phase 
 Processes of mass transfer in a liquid phase have a fundamental importance for 
understanding the character of admixtures redistribution during crystallization. The mass 
transfer can proceed by means of molecular or convective diffusion. Convection is a 
consequence of both external effects and dependence of the density and surface tension on the 
temperature and concentration of the melt. The following cases may occur:  

• the shape of crystallization front is slightly influenced by the conditions of flowing in 
the melt (liquid) 

• flowing has a considerable influence on the distribution of admixtures in the liquid 
adjacent to the solidifying interface, consequently on the concentration of admixtures in 
the crystal, its homogeneity and refining effect 

 The character of convection may range from zero convection (it does not practically 
occur at crystallization) through laminar convection, when the optimum an admixture 
distribution appears, to turbulent flowing which reduces the efficiency of refining. The 
admixture concentration in the volume of the diffusion layer δ on the solid-liquid interface is 
balanced by laminar convection. 
 It is possible to divide convection according to the causes of its origin: natural 
convection is caused by the gradients of density and surface tension of the melt, temperature and 
concentration gradients, and forced convection is produced by external influences (rotation of 
the crystal or crucible with the melt, eddy currents during the induction heating, dynamic effects 
of the plasma, mechanical agitation of the melt). 
 The effective segregation coefficient keffB respects the influences of mass transfer in 
the liquid phase. It is possible to determine it from the ratio of the concentration of admixture in 
the crystal on the phase boundary CSB(0) and the concentration of admixture in the main volume 
of the melt CLB(∞)  as keffB = CSB(0)/CLB(∞). In case of perfect mixing of the whole melt is keffB  = 
koB. Burton, Prim and Slichter [2, 3] presented a model describing the phenomena mentioned 
above by means of a simplified equation: 
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 ( )[ ])/exp(1/ LBoBoBoBeffB Dvkkkk δ−−+=      (1) 
 
where δ  - the thickness of diffusion layer in the melt at the phase boundary [cm], v – movement 
rate of the phase boundary (liquid-solid), DLB – diffusion coefficient of admixture B in the melt 
 
 
3.1 Buoyancy convection 
 Buoyancy convection is produced by the gradients of density and depends on the 
geometric and temperature conditions in the melt. It is characterized by Rayleigh number [2, 4]: 
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where g – the gravitational acceleration [m.s-2]; αV  – the coefficient of volume expansion [K-1]; 
GL – the temperature gradient in the melt [K.m-1]; lc   – the characteristic length of column of the 
melt [m]; κ  – the thermal diffusivity [m2.s-1]; νk  – the kinematic viscosity [m2.s-1] 
 It is obvious from equation (2) that the decisive parameters can influence the value of 
Ra, and consequently the character of convection of the melt, are the temperature gradient GL 
and the characteristic length of column of the melt lc. In dependence on the value of Rayleigh 
number [2, 4] and intensity of convection the character of the melt may correspond to: 

a) temperature stability (Ra = 0 – 103) 
b) oscillating temperature instability (Ra = 2.103 – 3.103) 
c) temperature instability (Ra = 4.103 – 3.105) 

 
 

3.2 Growth bands 
 Periodical variations of the microscopic solidification rate appear under certain 
conditions of the heat and mass transfers. These variations change the character of admixtures 
distribution in the volume of the growing crystal and its substructure. The admixture build-up 
accumulation of admixture in front of the crystallization front and increase of the grade of 
concentration undercooling may produce a considerable rise of the movement rate of 
crystallization front (for kB < 1) and an occupation of the interface surface with admixtures. 
When a certain portion of admixtures occupies the surface, their concentration in the melt 
decreases or gets back to the initial value and the process repeats again [2, 5].  
 Variations of the crystallization rate produce forming of the band structure – 
periodically alternating bands with decreased and increased concentrations of an admixture. In 
principle the bands reflect a real shape of the solidification interface and are arranged in parallel 
to the front of crystallization. Growth bands only occur in case of non-equilibrium 
crystallization. If the crystallization were slow enough, the admixture would diffuse from the 
surface of interface into the main volume of the melt. This is the case of the stationary (or close 
to stationary) distribution of admixtures in the melt described by the following equation [1, 2]: 
 
 ( )[ ] ( ){ }LBBBoLB DxvkkCC /exp/11 −−+=          (3) 
 
where x is the distance from the phase boundary in the direction into the melt, kB – general 
segregation coefficient.  
 For periodical variations of the solidification conditions (disregarding the complex 
distribution of admixture) the value of the mean effective coefficient efBk can be expressed by 
the equation [5]:              
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where λf – the wavelength of variations (the growth band spacing). 
 Similar phenomena of the growth bands formation were observed by Duží et al. [4] 
within the study of micro-segregations and their causes in single crystals of molybdenum doped 
with iridium and/or tungsten. The authors stated that at non-stationary convection the 
temperature as well as the instantaneous rate of growth fluctuate periodically with the frequency 
of asymmetry and B-bands are produced. This is consistent with experimental findings saying 
that for the length of zone l = lc both the exactly periodical B-bands and B-nuclei occur. The 
amplitude of temperature fluctuations, and consequently the probability of regressive melting of 
crystal, rises with the growing length of zone. These irregular bands are formed due to non-
periodical exchange of rotational energy among eddies. 
 
 
3.3 Marangoni convection 
 Marangoni convection is related to the existence of free surface of the melt. This 
convection consists in the surface tension being both the concentration and temperature 
dependent. The free surfaces are not generally isothermal but they themselves show temperature 
and concentration gradients. The consequence is that, for example, the surface tension decreases 
with the growing temperature, the melt with a higher temperature tends to thrust the melt with a 
lower temperature from the melt surface, which produces convection. Driving forces of 
Marangoni convection are gradients of surface tension on the melt-surrounding atmosphere 
interface resulting from the temperature and concentration gradients. It is possible to calculate 
Marangoni number from the equation [2, 4]: 
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where ∂σ/∂T – the temperature gradient of surface tension; ∆T – the difference of temperatures 
[K]; ρL – the density of melt [kg.m-3] 
 The critical Marangoni number for the beginning of laminar convection Ma = 0 is at 
the zero gravitation or on the horizontal free surface.  
 It is possible to derive the beginning of flowing in the molten zone for natural 
convection from concentration ratios: the melt moves due to Marangoni forces on the free 
surface from the centre of the zone to the surface of the phase boundary and then it is transported 
back into the zone. At the same time two toroidal eddies create around the crystal axis. Besides 
these primary eddies close to the surface two further secondary eddies occur at higher Ma values 
owing to friction. In the places where the melt flows from the front of crystallization and the 
effective segregation coefficient is keffB ≈ 1 so-called B-nuclei originate. The elements with the 
segregation coefficient kB < 1 concentrate preferably in the central area of crystal where the 
temperature of the melt is lower, while the elements with kB > 1 concentrate in the peripheral 
area of crystal, i.e. close to the surface. For the length of zone l < lc eddies are stationary. When 
lc is overpassed, convection becomes non-stationary. It follows from experimental data that the 
non-stationary convection shows itself as a uni-axial oscillation caused by the rotation of the 
axial symmetry disturbance of the toroidal Marangoni eddy around the zone axis. The critical 
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value for non-stationary convection was determined to be Ma = 104. Periodical variation of the 
melt temperature and instantaneous rate of growth results in creation of growth nuclei together 
with growth bands (B-bands) [2]. 
 
 
4. Experimental 
 The aim of our experimental work was to study an influence of crystallization 
conditions on the segregation and structural characteristics of single crystals of low-alloyed 
alloys of molybdenum and tungsten. For this purpose specimens of tungsten and molybdenum 
single crystals alloyed with iridium and/or rhenium were prepared applying the method of 
electron beam zone melting (the FZ method) [6,7,8] using three different rates of the molten 
zone movement. Initial material were polycrystalline rods of tungsten and molybdenum, the 
diameter 4 mm, the nominal concentration 0.5 wt.% Ir (Re), obtained after a previous 
technological treatment of initial single crystals, the diameter 10 mm, prepared by the method of 
plasma metallurgy [9]. The beginning of rod was melted with the rate 3 mm.min-1, the central 
part with the rate 5 mm.min-1 and the end of rod with the rate 1 mm.min-1 in the length of about 
4.5 to 7 cm. At the end of each section the molten zone was allowed to solidify with a high 
speed so that no diffusion processes could proceed.  
 Individual sections of the obtained single crystals were separated behind the solidified 
zone (sections v = 3; 5 and 1 mm.min-1) and submitted to metallographic and chemical analyses. 
 
 
5. Results and discussion 
5.1 Metallographic analysis 
 All the specimens of single crystals of the alloys Mo – 0.5 wt.% Re, Mo – 0.5 wt.% 
Ir, W – 0.5 wt.% Ir were electrolytically etched in 4 % aqueous solution of NaOH (voltage U = 
10 V, time t ≈ 6 s) alternately with chemical etching in the Muracami solution (30 % K3Fe(CN)6 
+ 10 % NaOH) for about 10 s. 
 A developed dislocation substructure and subgrains of different orders with angular 
disorientation are noticeable on both the transverse and longitudinal sections of specimens of 
single crystals. In the specimens Mo – 0.5 wt.% Ir prepared with the rates of the molten zone 
movement 1 and 5 mm.min-1 a polycrystalline structure with traces of dendritic formations was 
observed in the area of solidified zone. In addition, a cellular-fibrous structure was observed in 
these specimens. An increasing concentration of iridium is supposed on the cell boundaries – see 
figs. 1 and 2. 
 
 
 
 
 
 
 
 
 
 

Fig.1 Cellular-fibrous structure of solidified zone 
in Mo – 0.5 wt.% Ir specimen (v = 5 
mm.min-1); longitudinal section 

Fig.2 Dislocation substructure in the centre of 
Mo – 0.5 wt.% Re specimen (v = 3 
mm.min-1); longitudinal section 
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5.2   Chemical analysis 
 Chemical analyses of longitudinal sections of specimens of single crystals of low-
alloyed alloys Mo – 0.5 wt.% Re, Mo – 0.5 wt.% Ir, W – 0.5 wt.% Ir for given rates of 
crystallization were performed by means of both the electron wave dispersion microanalysis 
(EWDM) and by the instrumental neutron activation analysis (INAA). The method EWDM 
enabled the study of the character of distribution of alloying elements (Re, Ir) under different 
crystallization conditions. The chemical analysis was always carried out at the beginning, in the 
middle and at the end of each specimen – see table 1. Regular concentration variations of the 
content of alloying elements were observed on the concentration profiles of specimens Mo – 0.5 
wt.% Re and Mo – 0.5 wt.% Ir for given conditions of crystallization. These microsegregations 
are related to the natural buoyancy convection in the melt due to the temperature fluctuations 
when the macroscopic rate of growth varies on the front of crystallization and it leads to the 
periodic change of the effective segregation coefficient resulting in the formation of growth 
bands and growth nuclei – periodically alternating areas with the increasing and decreasing 
concentration of admixtures. Fig. 3 presents as an example a concentration profile in the area of 
solidified zone of the specimens Mo – 0.5 wt.% Ir for the rate of the zone movement v = 5 
mm.min-1. 
 
  Table 1  The mean values of concentration of iridium and rhenium determined by EWDM 

 
 

 
Fig.3 Concentration profile of Ir near of the zone and in the rapidly solidified zone of Mo - 0.5 wt. % Ir single crystal 

(EWDM). The zone pass rate was 5 mm.min-1 

Chemical composition (EWDM) Nominal chemical 
composition Zone pass rate 

zone centre beginning 

[wt.%] [mm.min-1] [wt.%] [wt.%] [wt.%] 

Mo-0.5 Re 1 0.487 0.514 0.503 

Mo-0.5 Ir 1 0.545 0.256 0.168 

Mo-0.5 Ir 3 0.549 0.245 0.231 

Mo-0.5 Ir 5 0.422 0.227 0.204 
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5.3 Determination of effective segregation coefficients of rhenium and iridium in molybdenum 
and tungsten 

 The method of rapidly solidified zone is used for direct determination of 
concentrations of admixtures in the liquid and solid phases. The principle of the method consists 
in the comparison of the admixture element concentration CLB(x) in a very rapidly solidified zone 
(no diffusion processes could proceed) to the concentration CSB(0) in the place just in the front of 
the solidified zone when the stationary state was achieved in the melted rod. An advantage of 
this method is that it does not require an evaluation of concentration profiles along the whole 
length of the rod. It is used for determination of keffB at the electron beam zone melting of 
refractory metals where a rapid solidification (quenching) of the molten zone is achieved by a 
sudden interruption of heating and a high speed of cooling is ensured by an efficient removal of 
heat into adjacent parts of the crystal [1, 2]. The mean effective segregation coefficients of 
iridium (rhenium) in molybdenum and tungsten were determined applying this method.  For the 
specimen Mo – 0.5 wt.% Ir and the rate of the zone movement 3 mm.min-1 the values of the 
mean effective segregation coefficient of iridium were determined to be effIrk = 0.45 (EWDM) 
and effIrk = 0.46 (INAA); for the rate of the zone movement 5 mm.min-1 the values of effIrk  
(according to EWDM and INAA) differ by 15 %. For the system Mo – 0.5 wt.% Re the 
determined coefficients of effIrk are almost identical and approach to 1.  
 Since the area of low concentrations of the system Mo-Re is not investigated 
sufficiently and only presumed courses of the liquidus curve are marked in binary diagrams [10, 
11], it is possible to conclude from the found values effBk  that the solubility of rhenium in the 
liquid and solid phases is approximately same. It follows from table 2 that the determined values 

Reeffk are almost consistent with the calculated value of the equilibrium segregation coefficient 
koRe. For the system W – 0.5 wt.% Ir the value of effIrk  = 0.36 was acquired from the INAA 
data. The detailed results including the comparison with thermodynamically determined values 
of equilibrium segregation coefficients of alloying elements in molybdenum and tungsten are 
summarized in table 2. 
 
Table 2 The mean effective segregation coefficients of Re and Ir in Mo and W determined by means of INAA and 

EWDM 

 
 
6. Conclusions 
 At present, single crystals of refractory metals find ever-rising practical use. In 
comparison with adequate polycrystalline materials of the technical purity single crystals 
embody higher plasticity, enhanced resistivity to the high temperature creep, high stability in 
vapours and melts of alkali metals at the contact with nuclear fuel, stability of properties at 

Nominal 
chemical 

composition 

Zone pass 
rate INAA EWDM 

[wt.%] [mm.min-1] keffRe keffIr keffIr keffRe 

koRe koIr 

Mo-0.5 Re 1 0.866   1.055  

Mo-0.5 Re 5 1.069    
0.851 

 

Mo-0.5 Ir 1  0.255 0.425   

Mo-0.5 Ir 3  0.457 0.448   

Mo-0.5 Ir 5  0.577 0.490   

0.238 

W-0.5 Ir 5  0.360    0.151 
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thermo-cycling etc. Molybdenum and tungsten single crystals are used in electronics, electro-
vacuum, lighting facilities, electrical industry, mechanical engineering etc. In complex 
properties they satisfy the requirements that can thermal energy to electric one. A disadvantage 
that retards the use of molybdenum and tungsten single crystals as the emitters of thermo-
emission transformer is their low strength at high temperatures and as for tungsten – its low 
plasticity at room temperature. The low-temperature plasticity can be improved by alloying with 
such elements as rhenium, tantalum, iridium etc. [12]. During the growth of alloyed tungsten and 
molybdenum single crystals by the method of electron beam zone melting some heterogeneities 
of impurities and alloying elements arise, which leads to the heterogeneity of structure and 
structure-sensible properties [13]. Therefore the questions of producing the refractory metal 
single crystals with homogenous distribution of alloying elements, perfect structure and 
homogeneous physical and mechanical properties are very topical. 
 Structural perfectness, physical and plastic properties of single crystals prepared from 
the melt are conditioned especially by the type of the used material, its composition and purity 
and crystallization conditions, i.e. the shape and character of the solid-liquid interface, the type 
and intensity of convection in the melt, which is related to the temperature and concentration 
gradients in the melt volume, on the interface and in the solidified crystal. 
 On the basis of concentration profiles determined with use of method of electron 
wave dispersive micro-analysis there were identified in individual samples Mo – 0.5 wt.% Re 
and Mo – 0.5 wt.% Ir irregular concentration changes in contents of alloying elements along the 
axis of crystal under given conditions of the crystallization. These micro-segregations of 
alloying elements in the form of periodically alternating growth bands with reduced and 
increased concentration of these elements is connected with the existence of natural buoyancy 
convection in the melt due to temperature fluctuations, when on the front of crystallisation there 
occurs the variation of growth rate and thus variations of effective segregation coefficient. This 
method recorded also the concentration jump, caused by rapid solidification of melted zone. 
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