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Abstract

:

Numerous tests are used worldwide to investigate the advanced high temperature reduction, softening, and melting (S&M) of blast furnace ferrous burden material. Commonly, the curve of pressure drop (dP) against temperature, measured over the experimental charge, is taken as directly indicative of the evolution of ferrous layer permeability. Previous authors have expressed concerns about the reproducibility and practical relevance of dP measurements due to narrow crucible diameter and wall effects. Petrological study of samples from interrupted Advanced Softening and Melting (ASAM) experiments, performed with ferrous burdens comprising a mixture of pellets (C/S 0.1–0.7) and highly basic sinter (C/S 2.4–3.5), sheds light on the nature and controlling mechanisms of systematic artefacts influencing the measurement of dP. The observations imply that the dP-T curves in ASAM, and likely other similar S&M, tests most immediately reflect the varying ease of gas flow in a sidewall bypass around the qualitatively impermeable ferrous burden layer, rather than through it. This is controlled by the formation of diverse oxide(-slag)-metal segregations at the exterior of the ferrous burden layer. The potential correlation of parameters derived from dP measurements with input burden characteristics is not in itself sufficient evidence that the measurements are indicative of the ferrous layer permeability.
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1. Introduction


Understanding the controls on permeability loss in the cohesive zone of the blast furnace is of key importance in optimising operational efficiency. To this end, numerous experimental simulations have been developed worldwide to investigate the behaviour of ferrous burden materials during advanced high temperature reduction, softening, and melting under load [1,2]. For convenience, these may be collectively referred to as ‘softening and melting’ or ‘S&M’ tests. Many S&M simulations have in common the measurement of pressure drop (dP) of gas forced through an experimental charge of ferrous burden material as it softens and melts with increasing temperature, though precise experimental conditions, setup, and procedure vary widely. In most such tests, the gas is forced vertically (either upwards or downwards) through an experimental burden charged into a vertical cylindrical crucible, hence perpendicular to the layer of interest [2]. Commonly, the shape and dimensions of the curve of dP against T (henceforth dP curve), measured over the experimental charge, are taken as directly indicative of key stages in the development of the cohesive zone in the BF process and the resulting loss of permeability that is associated with it [2]. Specifically, it has been argued [3] that the so-called ‘S-value’—the area that is integrated under the dP-T curve between certain key inflection points (generally the onset and end of an obvious peak in dP)—provides a relative proxy of the total resistance to gas flow that would be posed by the cohesive zone in the actual BF process for different burdens, or with different operating conditions. An obvious implicit assumption is that the measured dP curve is reliably indicative of changes in the permeability of the ferrous burden layer, i.e., that the apparent permeability (change) measured in the experiment can be regarded as representative of an internally uniform small cylindrical volume, which would enable the results to be translated to the industrial BF process [4]. Concerns over the reproducibility and practical relevance of dP measurements in S&M tests, as outlined above, have previously been expressed in literature [2,3,4,5]. Specifically, the inner diameter of the experimental crucible relative to the particle size of the input materials is of concern, and it has been proposed [3] that the ratio of the former to the latter should be at least 7:1 to reduce ‘wall effects’, while avoiding too large a diameter due to inhomogeneous temperature distribution. Unfortunately, we are not aware of any published study directly addressing the influence of variable crucible diameter on dP measurements, nor of any detailed discussion of the ‘wall effects’ alluded to and the direct physical-chemical mechanisms involved. To address the second of these issues, we discuss here the implications for the immediate physical meaning of the measured dP curve, based on detailed petrological study of post-experimental samples from one such metallurgical simulation, the Advanced Softening and Melting (ASAM) test.




2. Materials and Methods


2.1. Experimental Setup and Procedure


The Advanced Softening and Melting (ASAM) simulation test used in this study [6] is adapted from that developed by Clixby and co-workers at British Steel in the 1980s [7,8]. Figure 1 shows a schematic of the experimental setup and the T and gas profile used in this study. A mixture of c. 350 g of screened sinter (10–15 mm) and pellets (10–13 mm) is charged in a graphite crucible between two layers of coke (c. 73 g bottom and 45 g top layer; screened to 5–10 mm particle size). The inner diameter of the crucible is 65 mm, which at 4.3 times the maximum sinter diameter falls far short of the ratio that was proposed by Tayama et al. [3]. The target ferrous layer thickness is 60 mm. Samples are heated under a progressive profile of reducing gas, intended to simulate conditions appropriate for a centre-working blast furnace with a coal injection rate of 200 kg/tHM. Total gas flow during the experiments is 15 normal litre/min (NL/min), with N2 making up the difference between this and the summed gas flows that are shown in Figure 1. During experiments, pressure drop (dP) over the charged material, vertical displacement (dh) indicating bed contraction, and chemistry of the off-gas are all continuously measured. Due to complications with water dosage and calibration, the off-gas analyses are insufficient for quantitative mass balance calculations. However, they are sufficient to note qualitatively (i.e., the timing of) the production of excess CO in the crucible by the consumption of solid carbon. Samples were not rapidly quenched, but they were cooled under a N2 atmosphere to minimise redox modification during a regulated cooling profile designed to protect the alumina furnace tube from thermomechanical damage. Furnace cooling rate was regulated to 5 K/min from peak temperature to 1100 °C and it was unregulated thereafter. Thermocouple measurements just above the sample indicate average cooling rate of approximately 5 K/min to 900 °C and gradually slowing cooling under this temperature. In addition to complete experiments, additional experiments were performed and interrupted at key points with respect to the dh and dP curves, as discussed in later sections.




2.2. Investigation of Post-Experimental Samples


Following cooling, experimental crucibles and their contents were impregnated with green-tinted EpoFix resin (Struers, Copenhagen, Denmark) and sectioned longitudinally for petrological investigation. Polished sections were prepared for characterisation with light optical microscopy (LOM) and scanning electron microscopy (SEM) with energy dispersive X-ray spectroscopy (EDS). LOM was carried out using a ZEISS AxioImager Z1 microscope with integrated ZEISS AxioVision software 4.9 (Carl Zeiss, Jena, Germany). Thereafter, the sample was coated with approximately 10 nm of carbon for SEM investigation. SEM-EDS analysis was performed with a JEOL JSM-7001F SEM (JEOL, Tokyo, Japan) equipped with two 30 mm2 SDD detectors and NORAN-System7 with NSS.3.3 software (Thermo Fisher Scientific, Madison, WI, USA). Manual point and area-raster analyses were used to identify and characterise the chemistry of individual phases and phase intergrowths. The accelerating voltage used was variously 10 or 15 kV for manual analyses, the beam current was approximately 3–5 nA, and the counting live-times 5–300 s, depending on the required analytical precision. Additionally, automated grid acquisitions of square, 0.5 mm-wide area rasters were used to map out meso-scale variations in local bulk chemistry. For these analyses, accelerating voltage was 15 kV, beam current approximately 3–5 nA and counting live-times 30–60 s. EDS spectra were converted to quantitative chemical analysis in standardless mode using Phi-Rho-Z correction. Equilibrium calculations have been performed with the thermochemical software package Factsage 7.2 [9,10] to aid in the interpretation of the observed structural and chemical features. Calculations were performed in the Equilib module, using the Factsage 7.2-integrated databases FactPS, FToxid and FSstel, respectively, for pure substances, oxide solution phases (including slag liquid) and metallic solution phases (including metal liquid).



Chemical compositions of the studied sinter-pellet burden mixtures and their constituent sinters and pellets are shown in Table 1. These three burdens comprise a mixture of highly basic industrial sinter (C/S 2.4–3.5) with (industrial) pellets. Burdens M1 and M2 have the least basic sinter and each include a mixture of two types of pellet, one of which in both cases is fluxed with olivine (PA), the second being (respectively) with limestone-dolomite (PB) or dolomite only (PC). Burden M3 has the most highly basic, and largest amount of sinter, combined with the most acid pellet (PD) fluxed with olivine. The normalised internal proportions of the slag components CaO, MgO, Al2O3, and SiO2 (the sum of which is hereafter referred to as CMAS) are broadly similar for the resultant burden mixtures M1–M3, with C/S ranging from 1.6–1.7, respectively. The total CMAS concentration in M3 is slightly higher than M1 and M2. A fourth burden mix, M4, was used for some of the experiments that are discussed here, with broadly similar individual sinter and pellet compositions as those for M1 but a different ratio of sinter to pellets, resulting in a substantially different CMAS composition with lower basicity (C/S 1.3).





3. Results


3.1. ASAM Experimental Results


Complete ASAM runs were performed for burden mixes M1–M3 and for all individual sinter and pellet types used. The resultant dP and vertical contraction curves are shown in Figure 2a. All of the burden mixes show a clear peak in dP with increasing T, which is passed by the end of the experiment. In all cases, the onset of the dP peak comes abruptly, after 33–40 mm of vertical contraction (around 47–51% of the final vertical contraction), with no significant change in dP being detected up until this point—a key observation that will be returned to later. Burden M3 shows the highest dP peak, with the lowest onset-T, while it also undergoes more vertical contraction at a lower T than the M1 and M2. The true onset T of bed contraction, based on inspection of the rate dh/dt against T (not shown) is similar in the three burdens, at around 1000 °C, and it is the higher contraction rate initially following this which distinguishes M3 from the other two burdens. After the onset of vertical contraction, the rate dh/dt clearly decreases in the leadup to the dP peak onset for burdens M2 and M3, remaining initially lower during the sharp increase in dP. Vertical contraction accelerates sharply at the very end of the dP peak, as dP arrives back at datum. M1, with the lowest and narrowest dP peak, shows a relatively constant rate of deformation in the leadup to, and through the dP peak, with an abrupt increase in dh/dt occurring only well after the return of dP to datum following its peak. In all cases, the final sharp acceleration in vertical contraction is interpreted to correspond with dripping down of molten burden material. While issues with calibration and experimental setup unfortunately prevent reliable quantitative mass balance calculation for these experiments, it is nevertheless possible to identify a clear anomaly in the off-gas analysis consistently corresponding with the onset of the dP peak for each burden mix (Figure 2b–d). This is entirely consistent with well-documented observations from Clixby [8], which he termed the ‘carbon start temperature’ (CST) and interpreted as the onset of significant direct reduction of molten, FeO-rich burden material in reaction with cokes and graphite. Moreover, for each burden, a sharp anomaly/set of spikes (marked x) is observed in the off-gas analysis corresponding consistently with the very final stages of the dP peak in each case. Such a peak was also noted by Clixby and was ascribed to late-stage reduction of the remaining FeO-rich liquid.



The key observations from the continuous ASAM measurements, of relevance to the mechanistic interpretation of the curves, are as follows. Bed deformation initiates in all burdens from around 1000 °C and slows somewhat prior to the onset of the dP peak. No significant change in dP is measured until vertical contraction is more than half that of the original ferrous layer thickness (60 mm). The onset of the dP peak corresponds consistently with the CST anomaly in off-gas analysis. The very final stages of the return of dP from the peak to datum correspond with another spike in off-gas analysis. In all cases, there is an abrupt increase in the vertical contraction rate at or after the return of dP to datum following the peak.




3.2. Petrological Investigation of Interrupted Experimental Samples


Experiments were repeated and interrupted at key moments relative to the dP and dh curves (Figure 3) to better understand the mechanisms that are behind the observed differences in ASAM results among the mixed burdens M1–M3. For these three burdens, experiments were interrupted at the onset T of the dP peak (point 2 in Figure 3) and as close as possible to the maximum in dP (point 3). For M2, an additional experiment was interrupted after around a 75% decrease in dP from the maximum (point 4). Extra experiments were later performed on burden M4 (see previous section), with interruption points at (1) 10% dh, (4) c. 75% decrease in dP from maximum, (5) return of dP to datum, and finally a complete run (see Figure 3).



Regular photographic imagery of the sectioned crucibles at interruption points 1–6 for burdens M1 and M4 is shown in Figure 3 to illustrate some of the key developments that are visible on the macro scale. Figure 4 shows a montage of LOM mosaic-overview imagery for samples from burdens M1–M3 (only) at interruption points 2, 3, and 4. Figure 5 shows LOM imagery of specific features of interest from these sections, as well as the sample for M4, interruption point 1.



3.2.1. 10% Bed Contraction (Burden M4)


Incipient melting and liquid-mediated chemical interaction are inferred between sinter and pellets, and between the two different types of pellet. Where sinter is in direct contact with a pellet, a microstructurally distinct reaction zone extends into the sinter with thickness of a few hundred µm, in which the local bulk composition is relatively acidic and original C2S is partly to completely reacted out and replaced by olivine/glass (in the final solidified microstructure). Both sinter fragments and pellets display core-rim zoning in reduction degree, with a higher metal fraction in their exteriors and dominantly wustite in their interiors (visible as bright rims and darker interiors in Figure 3). Superimposed over this scale of variation in reduction degree, there is an overall change in reduction degree from bottom to top of the ferrous layer, with generally thicker metal-rich rims towards the bottom. This points toward gaseous reduction of the materials being limited by supply of fresh gas relative to consumption by reaction. Moreover, asymmetric reduction rim thicknesses in pellets at the side-edges of the burden (Figure 5a) suggest a greater supply of fresh (CO-richer) gas on the side facing into the free space between the burden and the crucible than on the side facing into the interior of the burden. The impression is that there is, at this stage, already preferential flow of gas around the ferrous burden as opposed to through it.




3.2.2. Onset and Development of dP Peak (Burdens M1-M3)


Pellet hollowing and formation of dense metallic shell around burden exterior—Burdens M1 and M2 both show extensive hollowing-out of pellets at interruption point 2 (blue highlights in Figure 4), and incipient formation of dense metallic shell (DMS) in the rims of pellets that are situated at the external margin of the ferrous burden (* annotation in Figure 4; detail shown in Figure 5e). Where DMS forms, micro-droplets of FeO-poor slag are observed on the outer surface of the shell. Much of the original primary void between sinter pieces and pellets is already obliterated by this stage, though some remains. The interior surfaces of the cavities in hollowed-out pellets show a distinct enrichment in MgO in their local bulk chemistry, reflecting the accumulation of relatively magnesian magnesio-wustite (MW). This, in combination with the hollowing, is interpreted as accumulated residual solid material (MW) left by migration of FeO-rich liquid out of the pellet interiors. The deformed but still-recognisable rims of the original pellets are rich in metallic Fe—presumed solid at peak experimental conditions, hence providing some rigidity. The incipient formation of DMS around the burden exterior, together with droplets of FeO-poor, essentially melilite-slag liquid, is interpreted as the reduction of initially FeO-rich liquids derived from melting of the pellet interiors. By this stage of interruption, there is clear evidence in local bulk compositions (measured by EDS raster) of liquid-mediated intra-burden chemical interaction between sinter and pellets, though there is still strong heterogeneity in CMAS composition corresponding with the original sinter and pellet bodies.



Formation of partial metallic segregation at burden exterior during sinter melting—Burden M3, with a significantly lower-T onset in dP peak, shows little or no hollowing of the pellets at interruption points 2 and 3, and the DMS formation is only visible incipiently on the smallest of scales (not visible in Figure 4). Pellets are deformed but are still easily recognisable, while sinter appears to have turned into a relatively soft and internally porous coherent matrix between the pellets. Most conspicuous is the formation of distinct structures around the exterior of the burden, associated with original sinter material, and highlighted red in Figure 4 (annotation B). These structures are present at interruption point 2 (M3) chiefly where sinter is exposed at the top or bottom edge of the burden, adjacent the cokes layer, while in the sample at interruption point 3, they are extensive along both the upper- and side-exterior surfaces of the burden wherever sinter is exposed. This is partly a reflection of the coincidental differences in the configuration of sinter pieces and pellets in the plane of section, and partly a genuine reflection of increased thickness and development of the structures by interruption point 3. The structures comprise a consistent layered sequence, as illustrated in Figure 5c,d, with a transition from interior to exterior, as follows:

	(1)

	
relatively fine (mostly dendritic) intergrowth of metallic Fe and oxidic material;




	(2)

	
a layer with irregular, coarser bodies of largely low-C (pearlite-free) metallic Fe and intervening oxidic material; and




	(3)

	
an exterior layer separating layer (2) from the cokes or crucible graphite, comprising dominantly oxidic material with either little or no metallic Fe (as in (d)) or some quantity of very finely dispersed dendritic Fe in the final solidified microstructure (as in (c)).









Layer (2) is referred to henceforth as partial metal segregation, or PMS. At the temperatures of interruption, with the low C contents implied by the general absence of pearlite in the microstructure, the metal in the PMS would have been solid. Strikingly, outside the slag layer (3), adjacent and inside porosity within the cokes or against the crucible graphite, small bodies (~100 µm–1 mm) of C-rich metal are observed with abundant segregated graphite in their solidified microstructure, which are interpreted to have been liquid at interruption temperature. Layer (3) generally comprises either C2S + C2(A,F) + minor MW, or C3S + C2(A,F) + C12A7 + minor MW in its solidified phase assemblage. In places, it has a fragmented, almost powdery appearance, while in others it is a coherent layer with the appearance of having once behaved as a liquid. Generally speaking, the material closer to the coarse metal in layer (2) is more coherent and it contains more FeOx (up to c. 20–25 wt% FeOtot) in the form of C2(A,F) and MW, while the more fragmented material is generally lower in FeOx. Bulk chemically speaking, these layers can contain as little as 3 wt% FeOtot, and have highly calcic CMAS composition, close to the C/CMAS proportions of sinter but commonly somewhat shifted towards more acid composition, and most significantly with a trend towards high alumina and low silica relative to that of any of the original burden components. This is illustrated with the example of sample M3 at interruption point 3 in Figure 6. A spatially correlated chemical trend towards higher A/CMAS and lower S/CMAS is seen in the meso-scale chemical mapping (EDS area raster) moving from the ferrous burden interior towards the highlighted PMS regions at the top and left-hand edge. PMS regions in the other interrupted samples are also consistently distinguished by similar chemical deviations from the rest of the burden in terms of their CMAS composition.



Equilibrium calculations were performed with Factsage 7.2 for the starting composition of sinter (SC) in two extreme scenarios: (1) CMAS-FeOx, with the original Fetot of the sinter expressed as FeO in the starting composition (i.e., O/Fe fixed at 1), and (2) with CMAS component only, and no FeOx. The calculated liquid compositions with increasing T are plotted on the plot of S/CMAS vs A/CMAS Figure 6b. These calculations imply that the first-formed liquid from FeO-rich sinter regions (assuming bulk sinter composition) at 1090 °C would have a CMAS composition deviating towards higher A/CMAS and lower S/CMAS than bulk sinter. Liquid composition would evolve via the shown (blue) curve towards that of the bulk sinter by the liquidus T of 1361 °C (coincidentally almost identical to the temperature of interruption of the experiment illustrated in the figure). In the FeO-absent scenario, the first-formed liquid would have an even more strongly-deviating composition relative to bulk sinter, and then follow the curve (pink) as shown with increasing T. The solidus T (1390 °C) in this case is slightly higher than that of the interruption point of the experiment (1360 °C). However, additional isothermal calculations (not shown) that were performed with a range of FeO bridging the two extreme scenarios at the interruption temperature of the experiment indicate that there would be liquid with composition plotting close towards the solidus-end of the pink curve with as little as c. 3 wt% FeO in the liquid. This in fact agrees very closely with manually analysed compositions (EDS) of layers, such as that shown in Figure 5d, where only the oxide component was included in the analyses (avoiding contamination by intergrown metallic Fe). In short, the compositions of the slag material encountered together with PMS formation are consistent with once having been partial liquids derived from sinter, with CMAS composition deviating strongly from that of bulk sinter. These had certainly been depleted in FeO component by the point of interruption, either by in situ fractional reduction at the burden exterior or by being emitted already as relatively FeO-poor slag.



Reaction of ferrous burden material with graphite inner wall of crucible—Notwithstanding the large differences in structure and appearance of burden M3 as compared with M1 and M2 at interruption points 1 and 2, during the increase in dP to its peak, all of these samples show the following common feature: clear reaction of ferrous burden material with the graphite inner wall of the crucible. The locations where this is visible are highlighted (swr) in Figure 4, and examples are shown in progressively higher magnifications in Figure 5b,d. At these locations, the graphite wall is clearly worn and had been reacting with adjacent burden-derived material. While in the solidified samples there is now a small gap separating the crucible wall from the burden material, this is interpreted as having occurred due to shrinkage upon cooling, and prior to interruption there would have been intimate contact along a chemically reactive interface. Reaction and visible wear of the crucible wall is consistently associated with PMS formation at the burden margin, rather than DMS structures. The marginal structures containing PMS are flush against the crucible wall, giving the impression effectively of a good contact of the graphite by the precursor liquids. The marginal structures containing DMS, in contrast, appear to have been wrapped around the burden interior and effectively ‘non-contacting’ as an overall structure with respect to the graphite crucible, much as the associated slag liquid droplets themselves appear non-contacting. From this we infer that the marginal structures associated with PMS should pose a qualitatively greater local impedance to gas flow along the previous free space there than those associated with DMS. Due to the coarsely heterogeneous nature of the samples and the limited observation area in any given plane of section, no reliable quantification is possible of the surface area of inner crucible wall affected by reaction with the burden. It does appear, however, that this phenomenon is more advanced and covers more surface area by the peak of dP at interruption point 3. The formation of PMS structures and demonstrable consumption of crucible graphite by reaction to reduce the burden material are certainly operative at the point of the CST off-gas anomaly in burdens M1–M3. In the case of burden M3, the off-gas signal cannot be attributed to the wholesale direct reduction of pellet-derived FeO-rich liquid to form DMS at the burden margins, since this is not observed, and the formation of PMS by reduction of molten sinter-derived material is the only candidate. For burdens M1 and M2, there is additionally hollowing of pellets by exudation of FeO-rich liquids and incipient DMS formation by the point of the dP peak-onset. Hence, the onset of the dP peak in burdens M1–M3 is most demonstrably linked to the formation of PMS structures, where FeO-rich sinter-derived liquid makes contact with the inner wall of the graphite crucible and is reduced. This is not to suggest that DMS formation makes no contribution to the CST or the evolution of the dP curve; however, for these specific burdens and experiments, the abrupt increase in dP consistently corresponds with the formation of PMS structures.




3.2.3. Decrease of dP from Peak to Datum


The sample from burden M2 interrupted after a 75% decrease from maximum dP (interruption point 4, Figure 3) contained no visible dripped-down material in the bottom of the crucible when sectioned. When compared to the state of the same burden at the peak of dP (interruption point 3), the burden is by this stage more compact, with very little original void remaining. The secondary void (v2) produced by the hollowing of the pellet interiors remains clearly visible and it is not qualitatively more deformed than at interruption point 3. The top of the burden is clearly more depressed in the middle, with the formation of thick DMS and the emission of macroscopically visible cm-scale slag droplets (annotation A, yellow highlights). At both sides of the burden there are wedge-like structures, tapering out upwards, comprising PMS + calcic slag (red highlights). It appears that the vertical contraction is accommodated partly by the coke pushing down into the centre of the burden, while it wedges in material to the sides. These wedge-like structures are also seen in less-advanced form at interruption point 3 in burden M1. The carbon content of the metal shell is generally qualitatively low—i.e., no pearlite visible—and inferred largely solid at interruption T. Incipient carburisation of the metal shell is visible in places where pearlite and cementite-bearing microstructures are visible. Generally, the DMS is not in direct physical contact with the cokes: it wraps around the burden, rather than around the cokes. Where in contact with the cokes, this is interpreted as the coke being pressed into already-formed DMS and deforming it, rather than necessarily having formed in intimate contact (in contrast with the reaction interfaces at the inner wall graphite (swr)). The material lining the secondary void after hollow pellets is dominated by magnesio-wustite (plus inferred intergranular slag liquid), with only minimal metal being present. This is direct evidence for the continued effective closure of these voids to the gas phase. The burden by this stage increasingly behaves as a coherent mass, with a more highly metallised exterior wrapping around a more wustite-rich interior. There is no impression of significant further progress of gaseous reduction in the burden interior as compared with earlier interruption points. Increases in the metal fraction are more related to emission of FeO-rich material to the exterior to form DMS and PMS. Based on the microstructural observations, there is no reason whatsoever to suppose that the ferrous burden layer has a more gas permeable structure than it did at the peak of dP, despite the decrease of 75% in dP by this stage.



In the case of burden M4, at interruption point 4 (also at 75% decrease from maximum dP), there is some dripped down metal in the bottom of the crucible (Figure 3). This metal is clearly C-rich with a microstructure that is typical of grey cast iron. Most of the burden material is still present at the original sample location, where it has assumed a more rounded shape, contracting away from the crucible inner wall. The exterior of the burden is covered by highly developed DMS (several mm-thick in most places), and macroscopic slag droplets are suspended just underneath the ferrous burden layer, with no dripping of slag yet visible. The metal in the DMS shows incipient carburisation in places, with pearlite and cementite visible, while in other locations, the metal is still free of pearlite. The observations are interpreted as evidence that gradual carburisation of the initially solid metal in the DMS leads to its melting due to the lowering of the liquidus with increased carbon. A body of highly calcic slag intergrown with coarse metallic bodies appears to be analogous in location and origin to the wedge-like structures that are noted along the sides of burden M2 at the same interruption point but it was interpreted to be more liquid by the point of interruption.



The large slag droplets emitted by burdens M2 and M4 by interruption point 4, associated with thick DMS formation, are expected to have been dominantly liquid at interruption temperature, based on their measured composition (by SEM-EDS area raster) and calculated melting behaviour (CMAS component) in Factsage. The slag regions that are associated with the PMS regions by this stage have a clearly distinct composition, being more calcic and closer to the composition of sinter. It is beyond the scope of this article to further discuss these slag compositions besides noting that they reflect heterogeneous melting of the ferrous burden and the presence of diverse slag compositions around its exterior.



After the return of dP to datum following the peak (interruption point 5), burden M4 has experienced full melt-down, and no burden material is observed in the sample location in the plane of section. The quantity of residual material has not been measured in bulk, so it cannot be ruled out that some ferrous burden material may remain in the cokes, however melt-down and dripping is considered basically to be complete with burden M4.






4. Discussion


The common interpretation of the dP curve in the ASAM and similar S&M tests is that it measures the change in permeability of the ferrous burden layer as it reduces, softens, and melts [3,4]. The onset temperature of rapid increase towards a peak of dP is regarded as being the point at which the tested ferrous burden layer becomes highly impermeable to gas flow, and some authors, e.g. Clixby [8] regard this as more of a useful a proxy for the start of the cohesive zone in the BF than the start of bed deformation, which consistently starts at lower T than the onset of the dP peak. As in the studies of Clixby [7,8], the results here imply the timing of the dP peak onset and an anomaly in the off-gas analysis indicating the consumption of solid carbon—the so-called ‘carbon start temperature’—are mutually related. Clixby regarded the two as effectively synchronous, and even went so far as to use the CST as a proxy for the onset of the cohesive zone, due to the practical difficulty of pinpointing the dP peak onset. Our present investigation of interrupted experimental samples confirms that this moment corresponds with the onset of significant (direct) reduction of FeO-rich liquids at the margins of the burden. Specifically, for the mixed sinter-pellet burdens that were used here, the dP peak onset corresponds in each case with reaction of sinter-derived, FeO-rich liquid with the graphite inner wall of the crucible, with visible consumption and wear of the graphite. The reaction products form a layered complex of partially segregated solid metal and residual slag (partial metal segregation; PMS) with a few-hundred micron thick layer of FeO-poor (as low as 3 wt%), highly calcic, and aluminous slag separating the metal-rich layer from the graphite crucible and apparently impeding the carburisation of the metal. Where present, these structures effectively fill up and seal off locally the free space between the ferrous burden and the inner crucible wall. In two of the burdens (M1 & M2) at the dP peak onset, there is additionally clear evidence of hollowing of pellet cores by exudation of FeO-rich liquid combined with the incipient formation of solid dense metallic shell (DMS) and the accumulation of FeO-poor residual slag liquid on the surface of this at the burden’s exterior. These latter structures do not appear to ‘plug’ the previously existing free space between ferrous burden and crucible inner wall—nor do they adhere to the latter—in the same way that the PMS-related structures do. We consider it a qualitative and physically significant difference between the burdens that M1 and M2 show both (1) PMS formation and (2) advanced hollowing of pellets and incipient DMS formation at the onset of the dP peak, while burden M3 shows only the former. Up to this point in the experiments, by which the bed has already contracted by more than 50% vertically, no significant change in dP was measured, while the variation in reduction degree over the bed, and asymmetric reduction-rim thickness around pellets and sinter, imply that the reducing gas starts to become channeled preferentially around the burden—rather than through it—from as early as 10% bed compaction.



The combination of the above observations leads us to suggest that, up to the point of abrupt increase in dP in these experiments, the gas had been able to flow around the burden, along the free space between the latter and the inner crucible wall, masking a real loss in permeability within the ferrous sample layer itself. The sudden increase in dP at this point corresponds with the partial sealing-off of this gas-bypass. It could be argued that the sealing-off of the inner-wall gas-bypass, by the melting and reduction reactions, as observed, is coincident with changes in the true permeability of the ferrous layer itself. Certainly, there is a necessary relationship between the timing of the formation of the marginal structures around the burden and an increase in liquid fraction in the interior of the ferrous layer. The CST off-gas anomaly is as such a fairly reliable indicator of the timing of the arrival of more voluminous FeO-rich liquids at the exterior of the burden, where they are reduced and solid carbon is consumed, which is certainly of interest in understanding S&M behaviour. However, the physical relationship of the dP measurement with any relevant change in ferrous burden layer permeability is the question of relevance here. It could be argued that the peak value of dP would still give a meaningful indication of the permeability loss within the ferrous layer, even if the onset of the dP peak is detected late due to the earlier gas bypass around the layer. However, if the bypass is partially and variably sealed-off, then the peak value in dP could reflect how effectively it is sealed as much as it reflects the true permeability of the layer itself. The effectiveness of sealing reflects the characteristics of material that is located around the exterior margins of the burden, specifically at the interface with the inner crucible wall. This is no direct indication of the permeability and void structure of the bulk of the layer itself. Moreover, we propose that the formation of PMS structures along the sidewall would impede local gas flow more than the formation of DMS structures. Given that this in turn is directly related to the reduction and melting behaviour of different burden materials, and interaction between these, it is expected that this is a systematic effect and is not merely a source of random scatter in dP curve measurements, though the poor reproducibility of dP curves is certainly a documented issue, e.g., [5,8]. Hence, correlation of dP curve properties, e.g. the S-value, with burden makeup is not in itself sufficient evidence for the physical validity of the dP measurement as proxy of the ferrous layer permeability.



The physical significance of the gradual decrease in dP from peak back to datum (if reached) is also not entirely clear in terms of translation to the BF process. The cohesive zone only truly ends in the BF where metal and slag drip away. The gradual decrease in dP in this study is evidently not directly correlated with the timing of dripping: in one burden (M2), there is a 75% decrease in dP with no dripping whatsoever, while in another (M4), dripping of metal (not slag) is occurring but far from complete at an equivalent decrease from peak in dP. Dripping can in any case be independently detected—and is, in several softening and melting simulations worldwide—and the dP curve need not be used to infer the onset and completion of dripping. The gradual decrease in dP towards datum after the peak is more demonstrably linked with the re-opening of free space between the ferrous burden and the inner wall as the increasingly deformable dense metallic shell (DMS) tends to contract around the burden. There is no microstructural evidence to suggest that the ferrous burden itself becomes more permeable to the gas during this stage of the experiment, and, on the contrary, the interior of the burden clearly remains a last refuge of FeO-rich material that is shielded from the imposed gas atmosphere. The increase in gas flow at this stage of the experiment, prior to dripping, is attributed to bypass around the highly impermeable burden package, and hence a misleading artefact. Similar concerns have previously been raised by Clixby [8], noting cases, with burdens comprising only high-basicity sinter (C/S~2), where a highly impermeable, congealed mass of metal and slag remained in the sample location (un-dripped) after test completion, while the dP measurement nevertheless returned to datum before completion. He attributed this to gas bypass through a hole in the sample and regarded it as a misleading measurement artefact. Based on the present study and the observations of Clixby [8], we consider changes in dP during this stage of the experiment to be unreliable as a proxy of the permeability of the ferrous layer itself. A direct measurement of the temperature interval over which dripping occurs, and the final amount of any residual (un-dripped) material after the experiment’s completion, are necessary to robustly infer the end of the simulated cohesive zone.




5. Conclusions


Advanced Softening and Melting (ASAM) experiments have been performed with ferrous burdens comprising a mixture of pellets (C/S 0.1–0.7) and highly basic industrial sinter (C/S 2.4–3.5). Detailed study of samples from interrupted experiments sheds light on the nature and controlling mechanisms of wall-effects influencing the measurement of dP, as is commonly used for inferring permeability changes in the ferrous burden layer. Three misleading artefacts are identified:

	(1)

	
Demonstrable bypass of gas along the free space between the crucible’s inner wall and ferrous burden layer during initial bed deformation (softening), which masks an actual permeability loss in the layer itself.




	(2)

	
The onset of abrupt increase in dP is synchronous with, and influenced by, variably effective sealing of the previously free space between ferrous burden and crucible by the formation of oxide(-slag)-metal segregations at the exterior of the ferrous burden layer. This consistently corresponds with the carbon start temperature (CST) off-gas anomaly and represents the (direct) reduction of FeO-rich liquids at the ferrous burden’s exterior. Specifically, in the studied burden mixtures, partial metal segregation (PMS) structures of solid metal and partially molten slag residue form where FeO-rich liquids that are derived from sinter react with the crucible graphite. This results in reactive contact between the PMS and the crucible wall and it locally impedes gas flow along the latter. In contrast, the formation of dense metallic shell (DMS) and slag liquid droplets, associated initially with pellets that are exposed at the burden exterior, shows no such reactive contact and is inferred to pose less impedance to gas flow along the crucible wall, since the burden there is at most mechanically pressed against the wall. The character and areal extent of such diverse marginal structures around the burden exterior are directly related to the burden materials used, hence correlations can be expected, but this is not an indication of the permeability of the ferrous burden layer itself. As such we consider this a misleading, systematic measurement artefact affecting the measured maximum value of dP.




	(3)

	
The gradual decrease from maximum dP to datum does not consistently correlate with dripping, and instead it reflects the re-opening of free space between the ferrous burden layer and the crucible wall, while the ferrous burden itself remains in its original location and highly impermeable to the gas phase.









The relatively narrow inner diameter of the ASAM crucible (65 mm) means that the systematic wall-effect artefacts that are described above have a disproportionate effect on gas flow. Our observations imply that the dP-T curves most immediately reflect the varying ease of gas flow in a sidewall bypass around the qualitatively impermeable ferrous burden layer rather than through it. This is likely the case in similar S&M experimental setups with comparatively narrow crucible diameter. The potential correlation of the dP measurement (and derived parameters, such as the S-value) with input burden characteristics is not in itself sufficient evidence that the measurements are indicative of the ferrous layer permeability.
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Figure 1. (a) schematic of experimental setup; (b) T and gas composition profile of Advanced Softening and Melting (ASAM). 
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Figure 2. (a) Pressure drop (solid curves) and vertical bed contraction (dashed curves) against temperature for mixed burdens M1–M3; (b–d) per burden, calculated C(out)-C(in) based on off-gas and in-gas analyses, with dP curve for reference. 
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Figure 3. Appearance of vertically (longitudinally) sectioned post-experimental samples stopped at points 1–6 as illustrated. Samples for 1, 4–6 using burden 4 (M4), samples for 2* and 3* using burden 3 (M3). Red outlines highlight ferrous burden layer. ck = coke; ddm = dripped-down metal; sl = slag. Blue arrow indicates gas inlet extending from bottom of crucible. 
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Figure 4. Light optical microscopy (LOM) imagery of vertical (longitudinal) sections from interrupted experiments for burdens 1–3 (M1-3). swr = sidewall reaction; v2 = secondary void. Dense metallic shell (DMS) appears white. Generally brighter areas are richer in metallic Fe, darker grey in wustite. 
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Figure 5. LOM imagery of various regions of interest. c = wustite-rich pellet core; r = metal-rich pellet rim; cr = crucible (graphite); ck = coke; swr = sidewall reaction interface; v = void; sl = slag; * = reaction intergrowth within crucible graphite. See text for further explanation. 
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Figure 6. (a) spatial variations in local bulk chemistry (0.5 mm resolution) associated with partial metal segregation (PMS) structures; (b) bivariate histogram of EDS area raster analyses from (a)—greyscale indicates density of analyses: black = high density, white = zero (no analyses). Sinter (SC), pellet (PD), M3: see Table 1. 
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Table 1. Chemical compositions of individual burden components and bulk burden mixes. Abbreviations: C = CaO; M = MgO; A = Al2O3; S = SiO2. FeO* = 100FeOtot/[FeOtot + sumCMAS], where FeOtot = total Fe expressed as FeO wt%.
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FeO
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Al2O3
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MnO
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M

	
A

	
S

	
FeO*

	
1
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Sinter A (SA)

	
69.83

	
13.03

	
10.07

	
1.06

	
4.19

	
1.23

	
0.15

	
0.45

	
2.40

	
16.54

	
60.87

	
6.38

	
7.41
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-




	
Sinter B (SB)

	
71.27
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2.89
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6.20
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Sinter C (SC)

	
70.47
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1.37
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82.18

	
6.00
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0.30

	
1.58

	
11.34

	
49.81

	
10.99

	
7.66

	
31.54

	
87.57

	

	

	

	




	
Burden 2 (M2)
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