Effect of temperature on oxide film morphology for steel exposed to 3.5 M sodium hydroxide
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SUMMARY: Mild steel in contact with sodium hydroxide solutions develops surface films (including a passive oxide layer) that offer good corrosion protection. This is particularly important in the alumina industry where mild steel heat exchanger tubes are in contact with hot Bayer liquor (a mixture of dissolved alumina and sodium hydroxide).
There is evidence in the literature that temperature affects the film morphology and that this, in turn, affects the corrosion of the mild steel in contact with the Bayer liquor (Lu, Q., et al, Materials and Corrosion, 51 (2000) p705-711). Such evidence has been limited to studies at only a few discrete temperatures however heat exchanger tubes in refineries are often subjected to a range of temperatures for process reasons. In this paper we report results of a systematic study on the qualitative effect of temperature on heater tube steel morphology for samples exposed to free caustic soda and Bayer liquor. Scanning electron microscopy (SEM) was used to observe changes to the film surface.
We have found that the surface of A179 mild steel in 3.5 M NaOH is consistent with duplex oxide layer formation over the temperature range of 100 oC to 220 oC. The surface appears unstable at approximately 140 oC. At 220 oC a small amount of pitting was observed even though the oxide coating appeared compact and uniform. Pitting was not observed for samples exposed to spent Bayer liquor at about the same temperature. 
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introduction 
In the alumina industry mild steel is the most commonly used material for pipes and heat exchangers. Under most conditions in the alumina digestor circuits it is exposed to hot, flowing Bayer liquor. The corrosion of steel in caustic solutions at these high temperatures (100 to 220oC) may be represented by the overall equation (1):

[bookmark: ZEqnNum205039]		
Available literature on the reaction shown by equation  is very limited, especially at the high temperatures and pressures in turbulent flow conditions [1-4].
Rihan and Nešić proposed that it is quite possible that the growth of the magnetite film on a steel surface proceeds according to several mechanisms simultaneously. They also postulated that high fluid velocities lead to higher film removal either through a dissolution, or a mechanical erosion mechanism [3].

A study by Lu et al [5] in 2001 showed that at 150oC the corrosion of pure iron in spent Bayer liquor was in a state of active dissolution whereas at temperatures greater than 200oC self-passivation of iron occurred. However, a study by Gavril et al [6] showed that in Bayer liquor at 100oC the oxide coating appeared protective and it was proposed that the presence of alumina in the liquor behaved as an anodic inhibitor. Indeed, increased alumina concentrations promoted the formation of a uniform less porous film. Aluminium was detected in all the oxides formed, supporting the formation of a mixed oxide of composition: .
Most of the mechanistic evidence accumulated to describe the formation of oxide films on steel has been the result of electrochemical studies with flow systems that provide turbulent flow similar to that observed in process pipes. Such studies are of immense value because they can be performed in-situ and the electrochemical techniques often allow for identification of the chemical species involved in the mechanistic steps [2, 3, 5, 7, 8].
In an industrial plant environment, technical, scientific and engineering staff are often the first to detect abnormal corrosion activity in a process stream. Many of their observations are initially visual and then may be followed up by microscopic and/or scanning electron microscope (SEM) examinations. Such studies have influenced the start-up procedures used in, for example, digestor heater trains in an attempt to minimise corrosion by trying to establish the most suitable oxide film over a range of temperatures encountered. A typical start-up procedure in the digestors is outlined in the paper by Kane and collaborators [9].
As there is reasonable evidence in the literature that the morphology of the oxide coatings appears to be temperature dependent this study was designed to systematically investigate the corrosion of type A179 mild steel heater tube material in 3.5 M NaOH and in spent Bayer liquor over the temperature range 100 to 220oC. Samples were subjected to aqueous solutions under turbulent conditions for 72 hours, dried and prepared for SEM investigation and electron dispersive spectroscopic (EDS) analysis as described in the experimental section.
Experimental
Sample preparation and equipment 
Samples were prepared from 38 mm OD A179 mild steel heat exchanger tubing (supplied by Queensland Alumina Limited). A sample ring (max 6 mm thick) was cut from the main heater tube with a cold-cut saw. Usually 4 faces were prepared on each sample ring at 3, 6, 9 and 12 O’clock positions on the outer circumference of the ring. Each surface was prepared by grinding with silicon carbide polishing pads 125, 250, 320, 400 and 600 grades respectively. This was achieved using the standard metallographic procedure of grinding the surface in one direction until visible marks had been removed and then rotating the sample by 90 degrees and grinding again until the sample has been rotated a full 360 degrees. The sample faces were given a final polish on a 6-micron diamond polishing wheel and then washed with ethanol and air-dried.
The sample ring was then mounted in an autoclave (Parr 4563 series mini bench top reactor fitted with a stirring shaft and a Parr 4840 series temperature controller) within an hour of the final polishing step. The autoclave was purchased specifically for studying reactions in caustic environments at high temperatures. All of the inner surfaces of the autoclave were either Inconel 600 or PTFE which are stable in caustic and Bayer liquor at temperatures up to around 250 oC. A PTFE support at the base of the autoclave was used to prevent the ring from resting on the metal components of the autoclave. 
To simplify interpretation, the polished samples were exposed directly to caustic or Bayer liquor rather than being pre-treated with an acid clean. Acid cleaning is commonly employed in the plant environment to remove scale from the pipe work [9]. Some researchers use acid cleaning to simulate the plant procedure and have also observed improved reproducibility [7] as a result of including the cleaning step. In a plant environment inhibited acid is often used and the concern in this work was that remnant inhibitor in the system could complicate interpretation. It is anticipated that future work will involve additional variables so that the experiments more closely resemble the procedures adopted in a plant environment.
Aqueous solutions of 3.5 M and 2.64 M sodium hydroxide were prepared using Analar grade sodium hydroxide pellets and glass distilled water. Stabilised spent Bayer liquor was supplied by Queensland Alumina Limited.
Experiment procedure
Samples were autoclaved at the specified temperatures (100 to 220 oC) in stirred 3.5M sodium hydroxide solution (for 72 hrs) or spent Bayer liquor (for 48 hrs). Following removal from the autoclave, samples were water washed, dried using warm air and stored in a desiccator prior to analysis. Plastic tweezers were used to handle samples for all steps following the polishing. 
To mount the samples in the SEM it was necessary to cut a polished face from the sample ring. In an effort to protect the delicate surface films, and prevent cross contamination, the polished area of the sample face was wrapped in PTFE tape while the tube was slowly cut on each side of the face using a hacksaw. 
Scanning electron micrographs were recorded by a JEOL JSM-6360LA system in low vacuum mode and average sample and individual particle elemental chemistry was determined using the instrument's JEOL JED-2300 energy dispersive spectroscope (EDS). All images were taken at a working distance of 10 mm. Low magnification images (100x) were recorded using a 3 kV electron beam to highlight surface features while a 15 kV beam was used to gather x-ray data and higher magnification (2000x) images. In some cases stereo pairs of interesting features were recorded so that that a 3 dimensional surface could be reconstructed using MeX software (Alicona Imaging).
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[bookmark: _Ref208803203]Figure 1 Surface micrographs for type A179 mild steel exposed to 3.5 M NaOH for 72 hours over a range of temperatures at 100x (left column) and  2000x (right column) magnification. Temperatures are as follows: 100 oC (a) and (b); 120 oC (c) and (d); 140 oC (e) and (f); 160 oC (g) and (h); 180 oC (i) and (j); 200 oC (k) and (l); and 220 oC (m) and (n). A 10 mm working distance was used for all images and electron beam voltage of 3 kV was used for the 100x images and 15 kV for the 2000x images.
Results and Discussion
Samples exposed to 3.5 M NaOH
The SEM images of steel samples oxidised over the temperature range 100 oC to 220 oC for 72 hours in a stirred 3.5 M sodium hydroxide aqueous solution in the autoclave arrangement described above are shown in Figure 1 (a to n).
For experiments conducted at 100 oC there is evidence of a duplex layer on the surface (Figure 1a and b). It is obvious at high magnifications (Figure 1b) that there are discrete crystals deposited on the surface of an underlying continuous surface (which appears quite featureless). Subsequent EDS analysis identified both the continuous surface and crystal composition as iron oxides rather than as discrete iron oxide crystals on a bare steel surface. 
This behaviour appears consistent with the duplex film model [2, 3, 10-12], in which one layer of the film grows from the inner interface via direct oxidation (in this instance the continuous layer observed) and the other from the solution interface (the crystals) via a precipitation mechanism.
For samples exposed to 120 oC a thickening of the “spikes” on the precipitated crystals has occurred and the coverage by this layer has increased appreciably as shown in Figure 1c and d. This top layer exhibits a uniform and very porous surface (Figure 1d). The 3 dimensional projection in Figure 2 of the surface exposed to 120 oC clearly show that the layer is quite thick (approximately 10 m) and the coverage is a combination of crystals with up to 10 m long spikes and crystalline particles that are about 3 to 5 m across.
[image: 120 C 3pt5M Surface Scan 100 3kV][image: 120 C 3pt5M Surface Scan 100 3kV]The 140 oC sample shows quite different features (Figure 1e and f) to those observed at the lower temperatures. The crystals have mostly disappeared and the oxide surface has many regions that have broken up with traces of the crystals observed around the base of the broken mounds. This process is very evident at high magnification (Figure 1f) and in the corresponding 3 dimensional rendering (Figure 2) and it may be due to the enhanced solubility of magnetite at this temperature [13]. At this stage it is unclear whether the crystals observed at the lower temperatures have compacted as a result of further thickening of the crystals seen at 120 oC or whether the “precipitated” layer has re-dissolved into solution leaving predominantly a single inner surface layer. A possible consequence is an enhanced corrosion rate as observed by Lu et al [7]. Assuming the proposed mechanism of duplex layer formation (i.e. via direct oxidation and precipitation) is correct then it is reasonable to expect that the inner layer would be thin (perhaps tens of nanometres). The removal of the “precipitated” layer may lead to reduced corrosion protection via passivation at 140 oC however further data (either from a plant or laboratory work) would be required to substantiate this possibility.
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[bookmark: _Ref208064941]Figure 2 Three dimensional projections of the steel topography (2000x magnification) at 120, 140, 180 and 220 oC showing the variety of textures observed over the temperature range and providing a quantitative estimate of the size of the features observed.
The appearance of the sample treated at 160 oC is quite different from that prepared at 140 oC. At 160 oC there is little, if any, evidence of surface dissolution or damage and the oxide coating appears compact and uniform (Figure 1g and h).
The oxide film that formed at 180 oC shows striations and there is evidence of blistering on the surface (Figure 1i and j as well as Figure 2). This was also noted for samples of steel oxidised in 2.64 M NaOH at the same temperature. A possible cause of the blistering may be corrosion of the inner layer or mechanical stresses formed as a result of growth of the inner layer [14].
The film observed at 200 oC (Figure 1k and l) appears to be indicative of a transition of the film from 180 oC to 220 oC.
Samples that were oxidised at 220 oC show a compact, featureless oxide surface at 100x magnification (Figure 1m and n). The macroscopic appearance was glassy with a bluish tint due to optical interference. This also confirms that the oxide film is relatively thick (approximately 5 m) and this has been confirmed by examining specimens in cross section. In contrast, lower temperature specimens appeared dull. This was probably due to specular reflection caused by the small oxide crystals present on the surface scattering the light. 
A small number of blemishes were detected on the 220 oC treated surfaces. Closer examination (2000x magnification with 15 keV electron beam energy) indicated pits in the vicinity of the blemishes. One such pit is shown in Figure 1n and also reproduced as a 3-dimensional image in Figure 2. The unusual feature of these pits is the underlying crystalline structure that had been revealed. Although the crystals appear to have the same morphology as the crystals observed at 120 oC it is not clear that these are of similar chemistry.
An EDS map of the surface of the pit and it immediate surrounds (Figure 3) shows a constant amount of iron across all surface features and substantially reduced oxygen compared to the background levels in the region where the crystals are exposed. The additional detail provided by the EDS line scan given in Figure 4 shows considerable fluctuation of the oxygen levels in the exposed region. One possibility is that this is a geometric artefact of the SEM/EDS system. Alternatively, it may be that the pit has exposed material that is either iron or iron that has not been oxidised to the extent of the surfaces examined at lower temperatures. Additional experimental work is required to explore this interesting observation further.
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[bookmark: _Ref208111924]Figure 3 An ESD map showing the variation of iron and oxygen concentration over the exposed crystals observed at 220 oC (From left to right: Image of the region examined, Fe concentration and O concentration).
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[bookmark: _Ref208065070]Figure 4 An EDS line scan (horizontal red line) through a section of exposed crystals showing the relative intensities of x-rays resulting from the different elements present along the line. In particular, note that although the relative amount of Fe (orange) remains roughly constant along the line while the concentration of O (blue) fluctuates considerably across the exposed crystals. The remaining elements tend to be present in relatively low amounts.   


Samples treated with spent Bayer liquor
When spent Bayer liquor was used in place of the 3.5 M NaOH quite different oxide surfaces resulted. The surfaces appeared uniform and compact at reasonably high magnification (2000x at 15 keV electron beam energy). Typical surfaces are shown in (Figure 5 a to d). In addition to iron and oxygen, significant aluminium was detected on the surface with EDS. No pits of the type observed at 220 oC in 3.5 M NaOH were observed on these surfaces. 
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[bookmark: _Ref208725293]Figure 5 SEM micrographs for mild steel exposed to spent Bayer liquor at 160 oC (a) and (b), and 200 oC (c) and (d) again with 100x (left column) and 2000x (right column) magnification. A 10 mm working distance was used for all images and electron beam voltage of 3 kV was used for the 100x images and 15 kV for the 2000x images.
An explanation for this has been proposed by Gavril et al [6] who suggest that in Bayer liquor, alumina behaves as an anodic inhibitor for the passivation process. There may well be other factors such as the presence of trace amounts of organics contributing to the passivation in Bayer liquor although on this occasion this has not be pursued.
Conclusions
This preliminary study has shown that temperature determines the morphologies of oxide coatings formed on type A179 mild steel immersed in 3.5 M NaOH under turbulent conditions. The results appear to be consistent with duplex oxide layer formation over the temperature range investigated and further indicate that the surface appears unstable at approximately 140 oC. This supports the observation made by Lu et al [7] on the effect of liquor temperature on corrosion rate.
At 220 oC in 3.5 M sodium hydroxide, a small amount of pitting was observed to occur even though the oxide coating appeared compact and uniform. This effect was not observed for the steel samples exposed to Bayer liquor at about the same temperature. It may be that the presence of alumina in the Bayer liquor is providing additional corrosion protection.
It is our intention to repeat this study in de-aerated solution in case hematite is present on the surfaces in addition to magnetite thereby complicating the qualitative description that has been made. Also, in order to perform the experiments in a “controlled” turbulent flow regime we intend to carry out the study using a corrosion flow loop that has recently been commissioned in our laboratories.
This research may have implications in an alumina refinery where mild steel tubes are often exposed to Bayer liquor over a range of temperatures. In these situations corrosion prevention strategies need to be tailored to account for the operating temperature of the equipment being protected.
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