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ABSTRACT 

9Cr-1Mo ferritic steels are extensively used in advanced gas-cooled reactor (AGR) heat 

exchangers.  These steels operate in CO2-dominated coolant fluids with expected maximum temperatures 

of 480-520 °C and maximum pressures of 600 psig/41 bar.  At the time of design, 9 Cr steels were 

understood to be resistant to oxidation/carburisation, with acceptable metal losses over the AGR’s 

250khour lifetime.  However, interest in extending plant operating life requires previously collected data 

be reassessed as accelerated oxidation/carburisation of 9 Cr steels indicated a potential for breakaway 

damage after long exposures. 

One source of oxidation/carburisation data comes from long-term 9 Cr steel sample exposures in 

simulated laboratory environments.  These datasets are often extensive; with condition ranges exceeding 

those expected for plant operation.  However previous data collection typically used sample weight 

change, giving averaged values (misleading when considering localised areas of rapid damage).  First 

employed in the 1980s to assess metal loss in gas turbine environments, dimensional metrology can 

extract additional information on oxide thicknesses, metal losses, carbide precipitation and their variation 

under given exposure conditions. 

Dimensional metrology datasets give not only the spread in oxidation/carburisation features under 

specific exposure conditions, but, by dataset comparison, the impact of various parameters, including 

exposure time, temperature, gas composition, etc.  With the collection of these new, more detailed data on 

9 Cr steel oxidation/carburisation rates, more robust degradation mechanism models can be produced.  

Such models will allow more reliable predictions of metal damage rates and hence enable a better 

assessment of the risks of heat exchanger tube failures. 

INTRODUCTION 

9Cr-1Mo ferritic steels are in use in UK AGR (advanced gas-cooled reactor) evaporators and 

primary superheaters (Banks (1981); Glasgow et al (1983); Holmes et al (1974); Taylor (1983)) with 

CO2-based coolants at pressures of 41 bar and temperatures of 480-520 °C (Banks (1981); Gibbs & 

Popple (1982); Taylor (1983)).  These coolant conditions were chosen to balance core graphite corrosion 

and carbon deposition.  With a coolant gas composition of CO2 + 1% CO + H2/H2O/CH4 at 100s vppm 

levels it was anticipated that oxidation/carburisation would occur, but that the 9Cr-1Mo steels possessed a 

combination of good resistance to such oxidation/carburisation, as well as good stress corrosion 

resistance; and reasonable mechanical and welding properties (Banks (1981); Glasgow et al (1983);

Holmes et al (1974)).  Initial designs anticipated lifetimes of 250 khour with metal losses of the order of 

250 µm at 520 °C (Banks (1981); Holmes et al (1974)).  Recently, however, there has been interest in 

developing a case for plant life extension, and thus the performance of 9Cr-1Mo ferritic steels in these 

AGR environments must be re–assessed for longer lives. 
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Under AGR coolant conditions, 9Cr-1Mo steels undergo both oxidation and carburisation (Banks 

(1981); Harrison et al (1974)).  The semi-protective oxidation product consists of a duplex scale with an 

outer magnetite layer and an inner spinel layer (Birks et al (2006); Harrison et al (1974); Young (2008)).  

Diffusion of iron through this spinel layer appears to control the rate of oxidation within this semi-

protective regime (Harrison et al (1974); Rowlands et al (1983)).  Beneath this duplex layer, an internal 

oxidation zone (IOZ) is often observed as well as carburisation of the base metal alloy (Banks (1981); 

Harrigan (1986); Harrison et al (1974); Rowlands et al (1983)).  To enable the inner scale to grow, 

oxidants must reach the oxide/metal interface (Gheno (2012); Rouillard et al (2012); Rowlands et al 
(1983)).  Typical potential oxidants include CO2/CO and H2O/H2.  For example, CO via the Boudouard 

reaction could release carbon into the substrate alloy (Birks et al (2006); Gheno (2012); Pritchard & 

Truswell (1974); Rowlands et al (1983)). 

Several critical factors influence the ability of 9 Cr steels to resist further metal loss/oxidation 

damage in AGR gases.  These include minor elements within the alloy such as silicon (Brierley (1974); 

Camona et al (1974); Dewanckel et al (1974); German & Littlejohn (1974); Pritchard & Truswell (1974); 

Rowlands et al (1983)), and trace elements such as sulphur (German & Taylor (1983)) and phosphorus 

(Brierley (1974); German & Taylor (1983)).  In addition, significant environmental factors include: metal 

temperatures (German & Taylor (1983); Rowlands et al (1983); Taylor (1983)); CO content of AGR gas 

(Banks (1981); Rowlands et al (1974)); and, H2O content of AGR gas (German & Taylor (1983); 

Grandison & Fraiser (1974); Rowlands et al (1974); Various (1974)). 

Models for such duplex oxide growth frequently depend on weight change data (Cox et al (1974); 

German & Littlejohn (1974); Harrigan (1986)).  However, this limits the ability to distinguish at a more 

local level how the oxide develops, and ignores any local variations in oxides’ growth.  This “blurring” of 

the data between areas undergoing more rapid oxidation and those still protectively oxidised has been 

noted by several authors (Brierley (1974); German & Littlejohn (1974); Pritchard & Truswell (1974)) and 

has limited their ability to determine reaction constants and activation energies for such duplex oxidation.  

Such limitations become more important when carburisation makes up a significant fraction of the weight 

change and when there are localised areas of much more rapid breakaway damage (such as that described 

by Al-Badairy et al (2000); Harrison et al (1974); Pritchard & Truswell (1974); Rowlands et al (1974); 

Various (1974)). 

Improved mechanistic understanding of 9 Cr steel oxidation/carburisation will be useful to 

researchers and industry.  This is a complex problem and considerable effort could be devoted to 

generating data to develop both qualitative and quantitative models.  In particular, the spread in oxide 

thicknesses observed around a sample under otherwise identical conditions is important as it is the 

extreme metal loss values which will dictate time to component failure. 

 

EXPERIMENTAL 

 

An extensive autoclave-based exposure programme has previously been carried out by 

AMEC/EDF (and their predecessor companies).  This programme has produced oxidised-carburised 

samples of 9Cr-1Mo ferritic steels used in the UK AGRs under a range of different exposure conditions 

for run times of up to 30,000 hours.  However, within these exposure programmes the performances of 

samples were monitored using conventional weight change methods.  This paper assesses the suitability 

of an image analysis based dimensional metrology technique for re-assessing these archived samples. 

 

Sample Preparation 
 

Sections of components were taken from the batches installed in AGR plants for laboratory 

exposures.  These samples were exposed in autoclaves under a range of environments and temperatures 

with periodic weight change and visual monitoring.  Sectioning of certain samples for destructive analysis 

was also carried out. 
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Variables of interest in the exposure included: 

· Temperature (520 – 640 ºC; chosen to obtain data in a realistic time scales) 

· H2O + H2 gas contents (balance CO2 + 1 volume % CO) 

· Gas pressure (600 and 450 psig) 

Samples selected for the metrology trial were from the exposures carried out at 600 ºC, 600 psig 

and with 800 vppm H2O+H2 in the gas environment (balance CO2 + 1% CO).  The components were 

sections of finned-wall tube (3 fins per sample).  The material was one grade of 9Cr-1Mo ferritic steel 

(with 0.67 wt. % Si).  The four samples described here had been exposed under identical gas and 

temperature conditions, but for a range of different times:  5544, 9559, 15668 and 20692 hours. 

The samples were received pre-mounted from optical microscopy analysis conducted at the time 

of their removal from the test autoclaves.  The mounting material was Bakelite (for hot isostatic pressing) 

and this was retained so as not to disturb the scales on the samples’ surfaces.  However, prior to analysis 

the sections were re-prepared using UK #1200 grit to remove any surface degradation/scratches followed 

by polishing with 6 µm diamond cloth and colloidal silica. 

 

Analysis Method 
 

A measurement system has been developed for the post-exposure measurement of damage on 

polished cross-sections.  The original methodology was suggested ~35 years ago, and then developed by 

British Coal/CEGB and Cranfield University as part of the ‘Grimethorpe Topping Cycle Project’ and an 

EU JOULE programme on the erosion/corrosion of materials for power generation systems (EC JOULE 

Project (1993); Simms et al (1995)).  Since that time the methodology has been steadily optimised and 

automated, with the use of mounting jigs and image analyser systems linked to optical microscopes with 

automated stage movements to minimise errors and speed up the measurement processes.  This work has 

been reported in a series of papers (Simms et al (2000); Simms et al (2001); Syed et al (2012); Sumner et 
al (2013) and has been used in EU projects developing standards for high temperature oxidation and 

corrosion tests.  It has been applied particularly to materials for use in jet engines, industrial gas turbines 

and pulverised fuel combustion heat exchanger tubing. 

 

 
Figure 1:  Dimensional metrology method to determine metal loss.  (Sumner et al (2015)) 

 

In this technique, pre- and post-exposure sample measurements are typically compared as 

outlined in Figure 1.  (a) Pre-exposure, the samples are measured (typically using a micrometer).  (b) 

After exposure, the samples are cross-sectioned for metallographic examination using suitable 

metallography techniques.  (c) The prepared sample is then placed on an x-y calibrated microscope stage 
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that has been set up to allow an automated subroutine to take images from evenly spaced locations around 

the sample (> 24 locations per sample).  (d) The operator selects key points on each of the micrographs 

taken (remaining metal, internal damage, coating interfaces, etc).  (e) Pre- & post-exposure sample shapes 

are compared.  (f) There is often a significant range in the measured values at different locations around 

the sample.  (g) To aid date interpretation, the data is ordered from most to least damage, producing 

‘cumulative probability of damage’ charts. 

As a variation on this technique is being applied to samples long after exposure, pre-exposure 

dimension measurements do not exist.  However, as the duplex oxide formed on the sample surface 

consists of an inward growing spinel and an outward growing magnetite layer with an oxide layer 

thickness ratio of approximately 1:1 (Banks (1981); Birks et al (2006); German & Taylor (1983); 

Harrison et al (1974)), the interface between these two oxide layers has been assumed to be the original 

metal interface.  Indeed, experiments involving the deposition of inert particles such as gold (Rouillard & 

Martinelli (2012)) or platinum (Pritchard & Truswell (1974)) on the surface prior to oxidation have been 

conducted to successfully demonstrate this feature.  As such, 4 points were recorded for each 

measurements set (equivalent to step (d) in Figure 1).  These were (1) the outer surface of the magnetite 

layer; (2) the magnetite/spinel interface; (3) the spinel/metal interface; (4) any observable IOZ. 

As the finned tube sections had a complex “E-shaped” cross-section, dimensional metrology 

measurements were recorded in stages.  To do this the sample was effectively broken down into 4 

rectangular samples; one for each of the three separate fins, and one for the main tube body section 

connecting the fins.  To ensure that sufficient data points were collected to be statistically significant, 

measurements were recorded along 4 tangents into the metal surface for each micrograph.  This led to an 

average of ~48 measurement sets per fin. 

 

RESULTS AND DISCUSSION 

 

Figure 2 shows an example of the micrographs obtained from the dimensional metrology system.  

The duplex oxide is clearly present with both oxide layers having different grey scale, and porosity.  The 

IOZ is difficult to determine, and the carburisation progresses deep into the fin initially along grain 

boundaries. 

 

 
Figure 2: Composite optical micrograph image of a typical area of duplex oxide scale. Note, that the 

duplex scale does not have a constant thickness.  Height of image = 840 µm. 

 

As well as directly assessing the oxide layer thicknesses, the dimensional metrology data for the 

fins and tube section of a sample can be combined as in Figure 3.  The points plotted are the extent of the 

remaining metal (metal/spinel interface).  After 5544 hours exposure the sample corners are mostly sharp 

and the fins all have approximately the same length, indicating that little degradation has occurred.  In 

contrast, after 20692 hours (a further ~15 khours additional exposure) extensive metal loss has occurred, 

especially on the central (red) fin. 
The main interest in this technique is to determine the extent of oxide growth and the variation 

around a given component under constant exposure conditions.  Figure 4 shows the inner, outer and 
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combined (inner + outer) oxide scale thicknesses recorded at 43 locations for the left hand fin of the 

sample exposed for 5544 hours (blue fin in Figure 3(a)). 

 

 
Figure 3: Remaining metal (spinel/metal interface) for samples exposed for (a) 4455 h; (b) 20692 h. 

 

 
Figure 4: Oxide scale thickness data for left fin of the sample exposed for 5544 hours, illustrating the 

spread of scale thickness against (a) cumulative probability and (b) cumulative normal distribution. 

 

In Figure 4(a) the data (ordered from thinnest to thickest recorded oxide measurement) have been 

plotted against cumulative probability.  This means that, using the inner oxide scale as an example, the 

median (50%) value for oxide thickness is ~50 µm.  Less than 2.2% of the sample will have less than 

19 µm of inner spinel (as given by the point to the far left) while 97.8% of the sample will have less than 

84 µm of spinel. 
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The data can also be plotted against cumulative normal distribution (Figure 4(b)), which gives the 

data as standard deviations away from the median value.  This way of representing data is especially 

useful for establishing error bars or looking at extreme events, such as maximum inner oxide thickness 

(and thus maximum metal loss).  Furthermore, if the data can be represented as a normal distribution, 

when plotted in this manner they form a straight line. 

A comparison of the oxide scale distributions in Figure 4 shows that the outer magnetite and inner 

spinel have very similar thickness distributions, supporting the concept of an approximate 1:1 ratio for 

stable duplex oxide growth. 

 

 
Figure 5: oxide scale thickness data from the fins of sample exposed for 5544 hours.  (a) inner scale 

thickness, (b) outer scale thickness and (c) total (i.e. inner + outer) scale thickness.  (d) gives oxide scale 

thickness data for combined datasets from all the fins of the sample exposed for 5544 hours illustrating 

the spread of scale thickness. 
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A comparison of data from the 3 different fins of a givens sample (Figure 5) shows that all 3 fins 

have approximately the same distribution for inner, outer and combined oxide scale thicknesses.  This 

means that the 3 datasets can be combined (red data in Figure 5(a)-(c)).  One of the advantages of making 

a large number of measurements is that it allows distributions of oxide scale layer thicknesses to be 

determined (as well as enabling the recording and understanding of the variation in layer thicknesses as a 

function of position around a sample).  The changes in distributions with time and exposure conditions 

allow trends in behaviour to be identified for particular types of degradation (e.g., duplex scale growth).  

Such data can be extracted from samples where weight gain data would just indicate that non-protective 

damage (or breakaway) was occurring on at least part of a sample. 

 

 
 

Figure 6: Summary of the development of scales with time for the series of in terms of (a) inner scale 

thickness, (b) outer scale thickness and (c) total (i.e. inner + outer) scale thickness 



23
rd

 Conference on Structural Mechanics in Reactor Technology 

Manchester, United Kingdom - August 10-14, 2015 

Division VIII 

Figure 6 summarises the oxide thickness distribution data for the fins of fours samples from the 

measured series.  Oxide scale thicknesses can be observed to increase with the exposure times, as can the 

spread in data.  Furthermore the effect of breakaway oxidation becomes apparent with increasing 

exposure time for these samples, exposed in accelerated, high temperature tests.  For small sections of the 

sample surface (data points to the cumulative normal distribution’s far right) much greater values of oxide 

(in particular inner oxide) thickness can be observed.  While breakaway only occurs over small areas, 

typically around geometric features like fin tips, the effect of this rapid thickening in oxide will have a 

significant effect on weight change data, where it is typically detected as a deviation from parabolic 

oxidation kinetics.  However the majority of the sample continues to be covered by the duplex oxide 

scale. 

Figure 7 plots the median oxide scale thicknesses for the inner, outer and total scales of this 

sample series.  While portions of the samples exposed for longer time periods show areas with 

breakaway, the median measurements (plotted) still follow duplex oxidation.  By obtaining additional 

datapoints from these longer exposure times, the accuracy of subsequent duplex oxide models is 

increased.  As previous research (e.g., Rouillard & Martinelli (2012); Pritchard & Truswell (1974)) shows 

that the metal loss values are equivalent to the inner scale thicknesses for this type of duplex oxide growth 

(i.e., the inner/outer scale interface is representative of the original metal surface), an accurate, 

quantifiable model of this is vital.  Plotting these median oxide scale thickness datasets against time 

appears to show parabolic trends for outer, inner and total scale thicknesses (Figure 7(a)), which is 

confirmed by generating a straight line relationship when plotting the square of the scale thickness against 

exposure time (Figure 7(b)).  Such relationships will form the basis of developing models of duplex oxide 

growth under a range of exposure conditions. 

 

 
Figure 7: Trends in median scale thicknesses with exposure time for the four samples characterised. 

 

To summarise, the post-exposure dimensional metrology method investigated offers the potential 

to generate much more information about samples exposed to the simulated AGR gas environments than 

has been possible using weight change methods.  The collection of large numbers of scale thicknesses and 

remaining metal measurements from a single sample enables a better quantitative evaluation of the 

material’s performance under particular exposure conditions (temperature, time and gas composition).  

These datasets can be analysed further, and along with dozens of others will play an important role in 

generating better models of the degradation of 9Cr-1Mo steels in AGR gas environments. 
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CONCLUSION 

 

This activity has investigated the potential for applying a post-exposure dimensional metrology 

system to finned tube samples exposed by EDF/AMEC in simulated AGR CO2 dominated coolant gases.  

A procedure was developed that enabled measurement of the oxide layers around the finned samples. 

The dimensional metrology technique has successfully quantified oxide scale thicknesses in pre-

existing samples despite the complex sample geometry.  Furthermore, the technique has enabled 

statistically significant datasets of sample measurements to be made of the inner and outer oxide scales 

(and optically visible internal oxides).  These datasets have been used to construct profiles of the 

remaining metal and determine the spread in oxide scale layer thicknesses. 

To summarise, the dimensional metrology technique can provide a rapid method for assessing the 

statistical variability in the oxide growth and this will form the basis of future modelling work to help 

determine the viability of plant life extension. 
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NOMENCLATURE 

 

AGR advanced gas-cooled reactor 

IOZ internal oxidation zone 

vol. % volume percent 

vppm volume parts per million 

wt. % weight percent 
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