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Abstract 

Identification and characterization of corrosion and scaling products allow the corrosion engineer to 
determine the cause of the corrosion and scaling and develop effective corrosion management strategies. 
A key part of such a program is the rapid identification of the corrosion and scaling products onsite, so 
that the appropriate controls are implemented. X-ray diffraction (XRD) has long been the standard for 
phase identification of corrosion and scaling products. Due to the capital cost, environmental 
requirements and significant sample preparation, XRD instruments are typically restricted to 
laboratories or research institutes and generally not deployed onsite. As a result it can takes weeks 
before the samples are analyzed, ultimately delaying the understanding of the corrosion or scaling and 
therefore the appropriate corrosion management strategy. Recent advances in XRD sample holders and 
X-ray sources have allowed for the development of portable XRD (pXRD) devices where the sample 
preparation is simpler and does not require regular calibrations by a technical expert. This allows for 
XRD data and hence corrosion information to be obtained in minutes. This data can then be provided 
to the corrosion engineer on, or offsite to help characterize the deterioration process and determine the 
most effective corrosion management strategy. 
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1  Section 

The economic impact of all types of corrosion to assets such as pipelines, oil rigs and towers, represents 

an annual cost of many billions of dollars. In a 2016 report issued by NACE this was estimated to be 

more than three percent of annual global GDP.  Asides from the economic threat to industry and the 

wider community, corrosion can also be a physical threat to infrastructure and the safety of staff and 

members of the public.  

Effective corrosion management strategies can help reduce the cost. A key part of such a program is the 

rapid identification of the corrosion and scaling products so that the appropriate controls are 

implemented. For remote mining operations or off-shore oil production facilities, the cost of testing any 

sort of sample is increased by the need to transport it to a specialist laboratory. Even within major cities 

and regional centers it can often take weeks for laboratories to analyze samples. 

X-ray diffraction (XRD) has long been the standard for phase identification of corrosion and scaling 

products. Due to the capital cost, environmental requirements and significant sample preparation, XRD 

instruments are typically restricted to laboratories or research institutes and generally not deployed 

onsite. Recent advances in XRD sample holders and X-ray sources have allowed for the development 

of portable XRD (pXRD) devices where the sample preparation is simpler and does not require regular 
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calibrations by a technical expert. This allows the corrosion engineer to obtain important information 

on corrosion and scaling products in a few hours rather than days to weeks. 

2  What is XRD? 

XRD is a method used to define the crystallographic structure of a compound. Crystalline corrosion and 

scaling products have defined structures and the angles at which the X-rays diffract off or through these 

crystalline compounds are characteristic of their structure. XRD works by subjecting a sample to a 

monochromatic X-ray beam and measuring the angles at which the X-rays diffract. A combination of 

diffraction angles are characteristic of a given corrosion or scaling product. 

Put simply, XRD compares the observed angles of diffraction to databases to determine which corrosion 

and scaling products are present and can also be used to determine their quantity. 

Unlike other methods such as infra-red which can only identify phases which reflect light, XRD can 

identify all crystalline phases, irrespective of reflectance. 

3 Portable XRD 

pXRD was initially conceived to perform mineralogical analysis of Mars, as part of NASA’s Mars 

Space Laboratory (MSL) mission. The XRD onboard Curiosity Rover was termed CheMin, for 

chemistry and mineralogy as it conducts X-ray fluorescence (XRF) and XRD, simultaneously. To do 

so CheMin utilizes a miniature microfocus X-ray source and a specially developed direct excitation 

charge coupled detector (CCD) “camera”. The CCD then collects data from X-ray signal scattered by 

the sample in transmission mode (Fig. 1). 

The Olympus Terra portable XRD was developed using the same architecture and principles as CheMin 

[1]. It weighs 15 kg and is housed in a field ruggedized, portable case (Fig. 2) with Li-ion batteries 

capable of 4 hours autonomous operation. The Terra’s CDD can measure an energy range of γ to β5 

keV at a resolution of 250 eV at 5.9 keV, making it capable of qualitative elemental analysis of elements 

Cl through to U. The angular range measured by the CCD is 5 to 55º βθ, with resolution of 0.β5-0.30° 

βθ FWHM, making it sufficient for analysis of corrosion and scaling compounds. Further to this detailed 

studies have been carried out on relatively more complex mineralogical samples to verify the 

quantitative capabilities of the Terra XRD system [2][3].  
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Figure 1: Schematic layout of the CheMin instrument as well as the data output. The instruments CCD 

simultaneous collects XRD and qualitative XRF [1].  

The Terra’s patented vibrating sample holder only requires 15 mg of sample at < 150 μm. By vibrating 

the sample the X-ray diffraction pattern is virtually free of 'preferred orientation effects’ often 

encountered when using conventional, lab-based XRD instruments [4]. However, unlike conventional 

XRD instruments which require some level of technical expertise to load samples, a technician can be 

trained on how to load a sample into the Terra in a matter of minutes. 

The Terra’s fixed, transmission geometry, vibrating sample holder, and lack of moving parts allow it to 

be deployed to site without the need for calibration on arrival or regular servicing and maintenance. 

4 pXRD for corrosion and scaling  

The small amount of sample required by the Terra (i.e. < 15 mg) allows for sampling of scale and 

corrosion products without having to be concerned about damaging the structural integrity of the pipe 

or equipment being sampled. Further to this it also allows for selective sampling of corrosion and scaling 

to assess the processes of formation (e.g. banded scaling deposits, layered corrosion, etc.).  

Portable XRD is being used for a range of different corrosion and scaling applications. These include 

analysis of material within oil refineries, pipelines, onshore and offshore oil wells, geothermal drilling 

sites and power plants, coal power generation plants, fresh water pipes, sewerage pipes (concrete 

corrosion), and for failure analysis.  
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Figure 2: The Olympus Terra portable XRD instrument (left image) and the vibrating sample (right image). 

For these applications a knowledge of the corrosion and scaling products can be used to understand the 

corrosion process and determine the ‘root cause’. In doing so the corrosion engineer can assess whether 

they need to optimize their process, take remedial action (e.g. use inhibitors, bactericides, treatment 

with acid, coatings, etc.), or if replacement of the equipment is required.    

pXRD is being used on steel piping to determine the composition of iron-bearing corrosion products, 

assess their root cause, and develop corrosion management strategies to stop or slow down their 

formation. For example, hematite (Fe2O3) forms in oxidizing conditions, while wustite (FeO) forms in 

reducing conditions. Thus the presence of hematite may indicate a leak is responsible for air in the pipes 

(Fig. 3). 

 

Figure 3. X-ray diffraction pattern obtained using pXRD for a corrosion product sampled from inside a steel 

pipe. Magnetite and hematite were identified as being the major corrosion products. Hematite (Fe2O3) forms in 

oxidising conditions (i.e. Fe3+) while magnetite (Fe3O4) is a combination of Fe2+ and Fe3+. These results 

indicated the presence of oxygen in the pipe. Inspectors were then able to find the source of the leak and prevent 

further corrosion.  Note, M = magnetite, H = hematite, G = goethtite and W = wustite.  
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Corrosion of low-alloy steel commonly yields two layers of corrosion. The outer layer typically 

comprises corrosion products which flake away easily (i.e. lepidocrocite け-FeOOH; goethite α-FeOOH; 

akaganeite く-FeOOH; feroxyhyte δ-FeOOH; maghemite け-Fe2O3), while the inner layer comprises 

amorphous Fe-bearing phases (Fig. 4). This inner layer acts a protective coating. It can take years for 

this protective, inner coating to form and before it does corrosion rates are not relatively low as fresh 

corrosion attacks are possible. Thus, it is important to be able to characterize possible layered corrosion 

and verify the existence of the inner corrosion layer. As pXRD only requires a small amount of sample 

(i.e. < 15 mg) corrosion layers can easily be selectively sampled (Fig. 4).  

 

Figure 4. Layered corrosion of low-alloy steel [5]. 

pXRD is also being used on oil pipelines to assess the types of corrosion and scaling. Sulfur in oil forms 

a range of sulfur-bearing corrosion and scaling products. Often these are inert and pose no immediate 

risk (e.g. sulfate scaling products SO4), but scaling and corrosion products containing sulfides can be 

quite dangerous as they can be responsible for ignition explosions. 

Concrete pipes carrying sewerage and freshwater commonly suffer from corrosion. Within sewerage 

pipes this is related to the chemistry of the fluids flowing through the pipes, while both freshwater and 

sewerage pipes suffer from corrosion on their outer sides. This corrosion is the result of the composition 

of the soil. For example, reactive swelling clays can wear away at pipes. Using pXRD problematic 

minerals (e.g. reactive or swelling clays) can quickly be identified (Fig 5.) and the corrosion engineer 

can assess areas which will require backfilling with gravel (to prevent future corrosion), or these areas 

can be flagged as sites which will require ongoing monitoring. 
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Figure 5. X-ray diffraction pattern obtained using pXRD of soil sample taken from an area adjacent to a 

concrete sewer pipe. Reactive clays were quickly identified using pXRD and these soils were removed and back 

filled with gravel. 

At refineries, geothermal and oil production sites pXRD is being used to determine the cause of the 

corrosion and scaling products, in a matter of minutes. In these settings, corrosion and scaling not only 

poses a risks to safety and the environmental, any disruption or downtime they may cause can cost a 

company hundreds of thousands of dollars each day. Thus it is important for corrosion engineers to 

determine the nature and cause of the corrosion and scaling products as soon as possible. Traditionally 

samples would have to be sent off site and in remote settings (e.g. on oil wells) it typically takes weeks 

to get XRD analysis. Even within regional centers or cities it can take weeks to get results back. pXRD 

is now providing the corrosion engineer with results in minutes. 

Where persistent corrosion is an issue pXRD is able to provide the corrosion engineers with information 

so that they can determine the root cause. At one site using pXRD a fresh water condenser had persistent 

corrosion and scaling. The pXRD identified natrojarosite (NaFe3S2O14H6) and akaganeite FeO(OH,Cl) 

as being present. Both of these compounds are known to form in the presence of salt water. The 

corrosion engineer was able to use this information to determine the source of the corrosion. The pipes 

leading into the building were subjected to salty groundwater. This salty ground water had corroded the 

pipes resulting in the ingress of salty water into the condenser forming natrojarosite (NaFe3S2O14H6) 

and akaganeite FeO(OH,Cl). The damaged pipes were then fixed and the problem was resolved.  

5 Conclusions  

pXRD provides corrosion engineers and chemists with important information regarding corrosion and 

scaling products, within minutes. This information usually takes days to weeks to obtain potentially 

costing a companying hundreds of thousands of dollars a day. Knowledge of the composition of 
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corrosion and scaling products can enable the corrosion engineer to make informed, cost effective 

decisions, onsite. As pXRD is field ruggedized it can easily be transported between sites without the 

need for regular servicing or maintenance. 
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