Application of Cathodoluminescence in Analyzing Mold Flux Films
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Abstract
Mold fluxes are used in continuous casting of steel to control heat transfer from the steel shell to
the copper mold based on their structure and properties. Structures observed in mold flux film
samples extracted from conventional and thin slab continuous casters at the end of a cast were
examined using cathodoluminescence (CL) imaging in conjunction with XRD and SEM/EDS
analysis. Glassy and crystalline structures in the flux films varied greatly depending on sampling
location in the mold, distance from the mold wall and the mold flux being examined.
Temperature data collected from thermocouple arrays in a thin slab funnel mold indicated sawtooth temperature fluctuations in the lower area of the funnel region, presumably due to cyclic
fracture and regrowth of the mold flux crystalline layer in that region of the mold. The
temperature observations correlate well with the structures observed in the flux film samples
from the region. CL microscopy clearly distinguishes glassy regions from regions with
devitrified and dendritic crystal growth, as well as continuous and fractured crystallite layers and
cuspidine and nepheline phases that are present. The technique also highlights small variations in
Mn oxide content in the glassy region of the flux that results from exchange reactions with the
steel, making flow lines in the previously liquid portion of the flux film clearly visible. The
benefits of applying cathodoluminescence imaging to the analysis of mold flux films in
continuous casting are discussed.
Introduction
Mold flux is critical for regulating mold heat flow and controlling slab surface quality in the
continuous casting process [1,2,3]. The crystalline structure that forms in the mold flux film in
the mold gap region of the continuous caster plays a significant role in the performance of a
mold powder for a given steel grade and caster (Figure 1). Mold powders are often selected
based on their viscosity and primary crystallization temperature even though the crystallite
phases and morphologies that are observed in the mold gap generally do not form by the primary
crystallization path [4]. The crystalline layers that are observed in the mold gap have been found
to form by devitrification of the super-cooled glass layer that remains in contact with the caster
mold well beyond the residence time of the steel shell [4,5]. The phases and structures formed by
devitrification have a strong influence on the mold thermal behavior through their influence on

the crystalline layer’s resistance to shear and fracture in the mold gap. Crystalline film fracture
and reformation appears to be a primary cause of periodic temperature and heat transfer
fluctuations in the mold [4]. Techniques such as: DSC [6-8], DTA [9-11], SHTT [6,12-14], and
DHTT [14], can be used to characterize mold flux. However, these techniques rely on simulating
only a small portion of the mold environment. Cathodoluminescence (CL) analysis has been a
standard technique for geological materials for 30 years, but in the last 20 years has been
developed as an effective method to observe refractory corrosion. [15] This paper will discuss
the application of cathodoluminescence analysis to the investigation of crystallization behavior
for industrial flux films, in conjunction with XRD and SEM.

Figure 1: Schematic of the funnel mold and the cross section of the mold.
Experimental Procedure
Flux film samples were extracted from the funnel mold of a thin slab caster at the end of a cast.
The flux composition, as reported by the supplier, is recorded in Table I.
Table I. Composition of mold flux in wt% (R=Na, K, Li).
Basicity MgO Al2O3  R2O
F
0.8
2.6
5.9
16.5
8.6
Specimens were analyzed using powder x-ray diffraction (XRD) on a PANalytical X’Pert Pro
Multi-Purpose Diffractometer with a Cu Kα x-ray source. Specimens were mounted in epoxy
and polished to a 0.1μm finish. Crystallite structures were analyzed using cathodoluminescence
(CL) microscopy (model 8200 MK II) and SEM/EDS using an ASPEX-PICA 1020.
Results & Discussion
Many of the flux film samples exhibited a crystalline layer on the mold wall side of the film as
reported elsewhere [5,24,25]. Samples obtained from lower in the funnel also exhibited fractures
in the crystallite film, and areas that were almost fully glassy. Figure 2 shows the variation in the
flux film appearance as the sample location progressed lower into the funnel.

Figures 2 (a) and (b) are primarily crystalline with very little glass infiltration except along a
large crack in (b). Figures 2 (c) and (d) are glassy and show longitudinal striations across the
face. This structure is believed to result from crystalline layer fracturing and re-filling with glass.
This behavior is consistent with thermal data collected from an instrumented funnel mold, where
temperature was monitored at several locations both within and outside of the funnel region.
Large saw tooth shaped fluctuations in temperature (± 45°C) were evident within the high-stress
funnel region (Figure 3a). The rapid temperature decrease is associated with crystal fracture and
removal, while the rapid temperature increase is associated with glass infiltration in the fractured
region. The slow drop in temperature is associated with aging and crystallization of the glass.
Outside of the funnel region, smaller (± 10°C) temperature fluctuations were evident (Figure 3b).
CL imaging proved to be a valuable method for identifying crystalline phases and structure in
polished flux film samples. Figure 4 shows a cross section of a flux film from lower in the funnel
area. The yellow and bright orange regions are crystalline and the light orange regions are glassy.
The crystalline layer on the mold side of the flux film is fractured. The flow lines in the glassy
region suggest that glass flowed and infiltrated the fracture region. The structures in the CL
image support the theory of crystalline fracture and backfilling with glassy material by the
mechanism proposed in Figure 5.
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Figure 2: Flux film samples from upper funnel area (a) to lower funnel area (d) - Mold side.
(c)

The variation in shades in the darker orange region opposite the mold highlights the flow lines in
the glassy region of the flux film that was fluid during casting. The color variations are directly
related to variations in manganese oxide content in the flux that was picked up during casting

from interaction of the mold flux with the molten steel. Figure 6 documents this pickup. These
variations in manganese oxide level were also documented using SEM/EDS analysis.
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Figure 3: Inside the funnel area (a) exhibits saw tooth behavior, where temperature fluctuates on
a semi-regular basis with respect to time. Outside the funnel area (b), temperature fluctuations
are mild (± 10°C). Corresponding diagrams indicate thermocouple locations in the funnel mold.
Mold Side

Figure 4: CL image of flux film sample – lower funnel region.

Figure 5: Proposed origin of saw tooth temperature fluctuations: (1) fracture of flux crystalline
film, (12) withdraw of flux crystalline film, (2) air gap, (23) inflow of glass, (3) complete
glass infiltration, (31) aging and crystallization of glass.

Figure 6: Flux film chemical analysis indicating manganese oxide pickup in mold flux.
XRD analysis of the flux films shows both the cuspidine and the nepheline phases are present in
the flux film. The presence of nepheline in the crystalline layer suggests that this layer formed by
devitrification of a super-cooled glass and not by primary crystallization [1, 9]. Devitrification
follows a cooling path achieved by cooling faster than the critical cooling rate, avoiding
crystallization, and isothermally holding at a temperature. In flux films, nepheline can only be

formed through devitrification [9]. Its presence suggests that a super-cooled glass layer that
remains in contact with the caster mold well beyond the residence time of the steel shell [1]. The
distribution of cuspidine and nepheline in the crystalline layer can be seen more clearly in the CL
image in Figure 7 (a), cuspidine being yellow and nepheline being brown. These phases were
also confirmed by SEM EDS analysis, Figure 7 (b).
CL images best show the morphology and crystallites present. The cuspidine (yellow-orange)
appears to co-crystallize with nepheline (dark orange) along the mold face. The crystal structures
in the flux film change based on distance from the mold wall. Along the mold wall both
cuspidine and nepheline have crystallized as small equiaxed crystals. As the temperature
increases with distance away from the mold wall, the nepheline crystals do not appear to form as
readily and the cuspidine crystal concentration increases. This forms a dense crystalline layer
approximately 200μm from the mold wall. EDS confirmed the compositions of the crystals. In
Figure 6 (b) the orange region indicates nepheline, yellow is cuspidine and purple is the bulk
glass where the Ca to Si ratio is approximately 1:1.
Although the nepheline and cuspidine phases can both be distinguished in the SEM image, it is
much easier to visualize the crystallization of cuspidine and nepheline using CL analysis. In
addition, small variations in manganese oxide content in the glass can be easily observed.
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Figure 7: CL image (a) and SEM image (b) of the crystal growth along the mold wall. In (b)
orange is nepheline, yellow is cuspidine, and purple indicates the bulk glassy region.
Conclusions
Flux films have widely varying structures based on distance from the mold wall and position in
the mold. Information on these structures can be obtained by carefully extracting flux films at the
end of a cast sequence and analyzing their microstructure. Cathodoluminescence imaging allows
different structures to be observed more readily than by SEM analysis. This technique makes
variations in the content of transition metal oxides in the flux film readily visible. Flux film
structures can also vary significantly within a funnel mold. Flux film samples from high stress
regions in the funnel area are observed to have fracture and glass re-infiltration marks that match

the saw tooth temperature behavior in these regions. The following specific conclusions are
made based on these experiments:
1. Large fluctuations in temperature on the mold side of the flux film are observed in the
funnel region. In addition, glassy striations are observed on the mold face side of the flux
film suggesting that the flux film repeatedly fractures, dropping the mold temperature
sharply on initial withdrawal of the crystalline layer and then increasing temperature
sharply when new glass infiltrates the fractured region. Following infiltration, the mold
temperature then drops slowly as the re-infiltrated glass ages and crystallizes. This
mechanism explains the observed periodic saw tooth mold temperature behavior.
2. Cathodoluminescence is a useful tool for studying flux films. It provides high resolution
at low magnification, so phases can be easily distinguished optically and other small
details can be observed that may have been missed using other techniques. It provides
better visualization the distribution and type of crystal structures than SEM analysis and
can also be used to observe small variation in composition in the bulk glass regions.
Therefore, use of CL in analyzing flux films is recommended.
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