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ABSTRACT 
The use of macro-X-rayRay fluorescence (MA-XRF) scanners is now widespread inon cultural heritage applications. However, its use for the characterisation of metallic works of art is still limited. In this study, a novel portable MA-XRF scanner prototype washas been tested on artificially corroded copper samples to assess its analytical capabilities on corroded metals, yielding information on the spatial distribution of the corrosion products grown on the metal’s surface. A multi-analytical approach was used to thoroughly characterise the copper samples and comparecomparing the obtained results to verifyfor verifying the reliability of the MA-XRF data. The prototype was able to obtain distribution maps of different elements, such as sulphur and chlorine, which can be directly correlated to different corrosion products. With the use of imaging filtering techniques, it was possible to investigate the stratification ofratiocinate on the corrosion productproducts layers stratification and observe gradients in the distribution of certain elements.
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Introduction
The study of corrosion products, their morphology and chemical, physical, and microstructural characterisation, is of considerable interest to heritageHeritage and conservationConservation sciences. Metallic objects are unique artefacts that can be considered a witness toof the past and a record of a society’s technological prowess.skilfulness of a society. Therefore, it is of the utmost importance interest to study and preserve such objects.	Comment by Proofed: 'Utmost interest' isn't correct. You could either have 'of great interest' or 'of the utmost importance'. 

To achieve this goal, a transdisciplinary approach is always preferable;to be preferred: measurement, instrumentation and material sciences find a point of commonalityconjunction in the conservation science. In fact, metrological and material characterisation are combined in measuring and quantifying the conservation state of the artefacts and the aggressiveness of the surrounding environment with a common final goal,: the preservation, restoration, and safeguardingsafeguard of the objects [1]-[-6]. Numerous studies on ancient and historical copper (Cu)--based artefacts have tried to establish the chemical characteristics and structure of the natural patinas that growgrown on objects that have been buried in soil for long periods. The longLong-time corrosion of Cu-based alloys leads to structural alloy transformations and to the growth of surface corrosion productproducts layers with complex and stratified structures, thewhose investigation of which allowscan allow one to obtain important information on the degradation mechanisms to be obtained [7], [-8].
Corrosion Basically, corrosion in soil leads to the formation of different patinas and corrosion productproducts layers, whose chemical composition and microstructure depend not only on the alloy composition, but also on the environmental conditions and on the soil chemico-physical properties (for example, pH, organic and inorganic particles, aggressive ions and, oxygen content)., …). Usually, an inner layer of cuprite (CuO2) forms), is formed on the metal surface, and then, an outer layer, composed of different copper oxides and hydroxychlorides, sulphates and carbonates, such as malachite, brochantite, atacamite and paratacamite, developsgrows on it [9]-[-12]. Since the external layers are generally quite porous, a continuous interaction between the metallic surface and the environment occurs. In particular, whenin the case reactive copper chloride (CuCl, nantokite) is formed during burial, it can react with oxygen and humidity, leading to a cyclic copper corrosion process, known asgenerally called bronze disease [13]-[-15], infor which chloride ions undergoperform a catalytic action towardstoward further degradation.
To study the corrosion phenomenonphenomena and extract as much information as possible, multi-analytical strategies are often employed. Within the analytical techniques available, those that are non-destructive ones are commonly preferred when dealing with historical and archaeological artefacts, and of these,among them X-ray fluorescenceFluorescence (XRF) is a staple for evaluating chemical composition [16]-[-18]. As a matter of fact, the mostfacts, a first important and preliminary action in the study of theCu-based artefacts conservation state of Cu-based artefacts, is to assess the presence of aggressive agents, such as chloride ions, and unstable corrosion products that can be dangerous for the preservation of the object, which, therefore, needs an immediate stabilisationstabilization.	Comment by Proofed: You have requested British English for this document, but you appear to have used the American spelling here. Please make sure to use a consistent spelling style throughout.

Click here for more information on spelling conventions in US and UK English.

In this contextcontest, the development of methodologies and portable instrumentsinstrumentations for quantitative analyses and elemental map distribution, which could also be employed also in the field, can be an important toolstool in conservation. Moreover, copper and other alloy components and soil elementelements distribution maps could help in obtaining information on the degradation mechanisms and can be very useful for developing tailored and suitable cleaning and stabilisationstabilization treatments before artefact restoration.
In the past few years, macro- X-ray fluorescenceRay Fluorescence (MA-XRF) has been extensively used to study paintings, frescoes and stained glassglasses [19]-[-21], having the obvious advantage over traditional XRF analysis of yielding an immediate and visual interpretation of the spatial distribution of chemical elements. This advantage can be fully explored in the study of inhomogeneous samples, such asas it is the case of corroded bronzes and other metallic archaeological artefacts. Therefore, MA-XRF can be considered as an efficient and powerful measuring tool for detecting the presence of active corrosion products, which are particularly dangerous for the long-lasting preservation of the artefact. Using MA-XRF scanning, it is possible to provide a better, macro understanding of the corrosion productproducts multi-layerlayers structure by simply detecting the depth elemental distribution from the surface towards the bulk metal.
In this study, a portable MA-XRF scanner prototype, built by the Sapienza University of Rome, Istituto Nazionale di Fisica Nucleare (INFN) – Roma TRE division, and Ars Mensurae, was has been used to characterise a set of artificially -corroded copper reference specimens simulating real archaeological corrosion products growngrew on Cu-based alloys. Due to the stratification and heterogeneity of real corrosion productproducts layers formed on Cu-based artefacts, reference samples were chosen for the optimisationoptimization of the proposed analytical methodology and for the preliminary assessment of the developed prototype performance, in order to verify whetherif the obtained results wereare meaningful [22].
The second section of this article describes the reference sample and the analytical techniques used to characterise them, with particular attention to the description of the main features of the MA-XRF scanner prototype. In the following section, the results obtained on the reference samples are illustrated and discussed. Finally, the concluding section summarisessummarized the keymajor findings.
Materials and methods
Reference samples
CopperSome copper reference samples (Cu 99.96 wt.%; 45 × 15 × 5 mm3) were polished with 500 to 4000 grit SiC paper, rinsed in ethanol in an ultrasonic bath for 5 minutesmin, and well dried well. Two types. Then, two kind of artificial corrosion layerlayers were then produced by chemical synthesis.
A set of Cu reference samples were immersed in an aggressive solution, according to the ASTM D1384 standard method (2.8∙10- 2 M NaCl, 0.01 M Na2SO4, 16.1∙10-2 M NaHCO3; modified by Constantinides [23]), for three months at room temperature (sampleSample A). The other samplesample’s set was artificially aged by immersion in a sulphate-containing solution (0.1 M Na2SO4) for three months at room temperature (sampleSample B). None of the solutions were neither stirred ornor aerated by bubbling.
MA-XRF scanning 
The MA-XRF prototype instrument developed in this study is composed of an x–-y motorisedmotorized stage with a sample holder and a detachable scanning head. A scheme of the experimental setup is shown in Figure 1.
The head comprises a collimated, low-power Ta-target Moxtek® X-ray tube and a lightweight X-123SDD detector from AMPTEK® with a 125- eV resolution at the Mn Kα emission line. The scanning head remains fixed while the sample is translated in stages by the stage with a maximum step resolution of 100 μm. The system is controlled by a custom-made interface programmed in LabView™ with a near-live display of the counts (intensity) map.	Comment by Proofed: Is this what you mean here?

An earlier version of the prototype system, using a larger translation stage, has been used previously used to study archaeological painted and gilt leathers [24], while an improved, more and most recent iteration of the portable version was recently used to study a gilded Cu-based artefact [25]. The portable instrument is described in more detail elsewhere [26].
The data was collected with a step resolution of 1 mm, dwell-time of 5 seconds and a total mapped area of 43 × 13 mm2 per, each sample, which was, enough to cover theits surface. Tube voltage was set at 35 KV, the current at 17 μA and each scan took about 54 minutes.
[image: ]Elemental distribution maps were generated with an earlier version of the open-source data analysis software, XISMuS [27], embedded with few imaging filters: low and high thresholding, and 3 × 3 iterative smoothening imaging filters..	Comment by Proofed: I have made some changes here for clarity and to improve the flow. Please check that I have retained your original meaning. 



Figure 1. MA-XRF prototype: the figure shows the X-rayRay tube, the detector and the sample holder with the x–-y motorisedmotorized stage. 
[image: ][image: ][image: ]
Figure 2. Sample A: – (A) high-resolution surface picture; (B) confocal microscope image; (C) FE-SEM image showing the crystals grouped in circular shapes; (D) µXRD pattern identification.

Reference sample characterisation
The artificially -corroded Cu reference samples were first firstly characterised by means of different analytical techniques, such as high-resolution digital photography, confocal microscopy, Confocal Microscope (CM), micro- X-ray diffractionRay Diffraction (μXRD) and field emission scanning electron microscopyField Emission Scanning Electron Microscopy (FE-SEM),) coupled with energy dispersive spectroscopyEnergy Dispersive Spectroscopy (EDS)), to collect information on the chemical composition of the corrosion products and on surface roughness and morphology. All these data in fact are necessary for the optimisation of the MA-XRF measurement setup and to identify the main experimental parameters thatwhich could mainly affect the obtained results.	Comment by Proofed: Ending an ordinal number with '-ly' (e.g. 'firstly', 'secondly') is considered antiquated and is not widely used now.

Click here for more information on how to write ordinal numbers.

High resolution digital photographs were acquired usingby a digital camera (4000 × 3000 pixel2, Panasonic Lumix G2) equipped withby a stand with a 3000 K lamp.
Roughness evaluations were performed on theprofilers acquired profiles by means of a Sensofar PLµ 2300 confocal microscope (CM) using a 20x objective. The images were processed in the free Octave software and surface standard deviation waswere computed on about 100,000 points, which compose the confocal pictures.
µXRD spectra were collected by a D-MAX Rapid Rigaku instrument equipped with RINT/RAPID software. This instrument presents a 2D-curved imaging plate detector (IP, a ﬂexible sheet coated with white -or light- blue- photoluminescent material consisting ofconstituted by BaFBr:Eu2+), using a+). A very brilliant rotating anode (Cu Kα) with a spot size of ≈ 70 µm. is present. Diffractions were acquired with the X-rayRay source at 40 kV and 20 mA with a 100 µm collimator, in the range of 10° to 160° 2θ. The elaborationElaborations and qualitative identificationidentifications of the diffraction patterns were achieveddone using X’Pert HighScore Plus v3.0e software andby comparison with the PDF and ICSD database.	Comment by Proofed: I was a little unsure of your meaning here. I have made some changes to clarify the language, but please check that I have not changed your intended meaning. 

FE-SEM (Zeiss, Supra40) images were collected in in-field emission mode by varying the acceleration voltage in the range of 1.5 kV to 15 kV. EDS analyses were performed usingby the Energy Dispersive Spectrometer (EDS INCA x-sight (, Oxford instruments) with anand acceleration voltage of 15 kV at athe working distance of 8.5 mm.
FinallyEventually, the Cu reference samples were characterised by means of the MA-XRF analysis usingwith the scanner prototype, as above discussed above, to collect information onof the chemical element distribution towith the final goal of identify the presence of different corrosion products on the sample’s surface. 
Figure 3. Sample B: – (A) high-resolution surface picture; (B) confocal microscope image; (C) FE-SEM image showing the corrosion productproducts morphology; (D) µXRD pattern identification.
results and discussion
The accelerated corrosion procedures applied toon the copper reference samplescoupons led to the growth of different artificial corrosion productproducts layers.
Reference sampleSample A
Looking at the surface and at the high-resolution image, the corrosion productproducts layer formed by exposing the Cu reference samples to the ASTM D1384 solution (sample A) appears uniformly green in colour, with a corrosion productproducts layer that is quite homogenous and well adheredadherent to the metal surface (Figure 2A).
The CM image acquired confocal microscope image showed a relativelyquite smooth surface. The CMconfocal microscope mainly allows the estimation ofestimating the standard deviation of the height, which is of about 2.7 μm (Figure 2B); therefore, a rather uniform surface is observedevidenced.
At a microscopic level, the FE-SEM image (Figure 2C) shows a surface well covered by tabular crystals in the order of 1 μm in length-size and grouped in circular shapes. EDS analyses, performed on the crystals, identified the presence of O, C, and Cu, with aan encountered typical composition of ≈ 54 wt.% of Cu, ≈ 34 wt.% of O and ≈ 12 wt.% of C.
The µXRD patterns (Figure 2D) reveals mainly reveal the presence of metallic copper (Cu, ICSD code: 53757), cuprite (Cu2O, ICSD code: 52043) and malachite (Cu2(CO3)(OH)2, ICSD code: 15384). The presence of malachite seems confirmed also by the EDS analyses;: the weight percentage amounts of Cu-O-C are close to those detected on malachite as reported in the literature [28]. Based onOn the basis of EDS and μXRD analyses, it is reasonable to assume that the corrosion productproducts layer is structured in an external layer mainly composed mainly of malachite and an inner layer of cuprite. The metallic copper comes from the bulk, which is evidence ofevidencing the low thickness of the corrosion productproducts layer.
In summarySummarising, the morphological and microstructural analyses highlighted that samplethe Sample A presents a homogenous corrosion productproducts layer characterised by the presence of relativelyquite small crystals, visible on the surface and mainly composed mainly of malachite. The presence of an inner layer of cuprous oxide is also detected.
The chemical and microstructural characterisation of the corrosion products do not provide evidence of the presence of copper chlorides, probably due to the hydrolysis of nantokite (CuCl) in the solution, which leads to the formation of cuprite on the metal surface.
Reference sampleSample BFigure 4. Sample A surface (A) and scans: (B) sum map; (C) copper map; (D) filtered copper map; (E) highly enhanced noise map obtained at chlorine K-α energy range.

Observing the high-resolution image, the Sample B surface of sample B appears quite variable in colour, with green- to- brown corrosion products mixed together on the copper surface (Figure 3A). The corrosion productproducts layer formed in the sulphate-containing solution appears well adheredadherent to the metal.
ComparedIn respect to samplethe Sample A, the Sample B surface of sample B presents a more heterogeneous morphology, with a standard deviation of the flat part of about 6.1 μm (Figure 3B). A high surface roughness is therefore evidenced.
Microscopically, FE-SEM observation confirmed the presence of a heterogeneous corrosion productproducts layer, showing the presence of two different types of areaareas (Figure 3C). One area was characterised by the absence of identifiable crystals and a composition of ≈ 56 wt.% of Cu, ≈ 36 wt.% of O and, ≈ 8 wt. % of S (FigureFig. 3C, dark area), whereas the other area was composed of well-defined and identifiable cubic crystals of less than 2 μm in size (FigureFig. 3C, bright area). The crystals presented a typical composition of ≈ 89 wt.% of Cu and, ≈ 11 wt.% of O, which relatesrelatable to the cuprite composition [29].
The µXRD diffractograms, performed onin several points of the surfaces (Figure 2D), consistentlyalways highlighted the presence of metallic copper (Cu, ICSD code: 53246) (possibly coming from the bulk) and cuprite (Cu2O, ICSD code: 173982). The occurrence of brochantite (Cu4(SO4)(OH)6, ICSD code: 97703) and posnjakite (Cu4(SO4)(OH)6(H2O), ICSD code: 100276 – not shown in the figure)  were also detected too.
The chemical, morphological, and microstructural analyses highlighted that samplethe Sample B presents a heterogeneous corrosion productproducts layer, characterised by the presence of areas of small cuprite crystals and of other areas where other compounds, mainly copper sulphates, are spread around cuprite crystals.
Scanner characterisation and performance
The artificially -corroded reference samples were analysed by MA-XRF scanning, and illustrative pictures of the analysed areas were taken with a DSLR camera with no white balance correction and no external light source.
Reference sampleSample A
Figure 4 shows the total counts (sum) map alongside the elemental maps and a picture of the surface of sampleSample A after being, immersed for a long-time in a carbonate and chloride-containing solution. 
The sum map is created by summing every count in the pixel -spectrum and attributing that value to a pixel, in a ‘flattening’“flattening” fashion, transforming the n-dimension pixel (where n represents the number of spectrum channels) to a 1-dimension pixel. Therefore, the higher the pixel value, the more counts were collected.
Figure 4 indicates the presence of chlorine in sample A. However, when verifying the unprocessed chlorine map, the signal appeared unusually concentrated in the bottom -right of the image.part. The image was processed and filtered to enhance the darker parts and verify if there was any signal was being supressed by the higher intensity signal. This may happen given the 0–-255 dynamic range of the grayscale maps. The processed image is shown inon Figure 4E, where a very low-signal map can be observed, obtained by applying a low-pass and smoothening filter. This process cuts off the higher intensity values (brighter pixels) and smooths the image by taking the nearest- neighbours average, weighted at the centre. Only then could, a portion of the higher intensity signal could be cleared. Even though a highly manipulated image could be generated, in this case it only represented noise and could notcannot be considered an indication of chlorine. It is very likely that the signal detected signal camecomes from the sample holder (made from polyvinyl chloride) and not from the sample itself. This has been confirmed by the diffractogram collected on sample A (Figure 2D), which demonstrates that demonstrate the corrosion compounds present on the sample’s surface are mainly composed of copper oxide and malachite. Moreover, the copper distribution map did not show any gradientsgradient (Figure 5), confirming the presence of a homogeneous corrosion productproducts layer. 	Comment by Proofed: Is this what you mean here?

If chloride compounds were to be present, theirits detection would be almost impossible.hardly possible as well. Constantinides et al. [23] demonstrated, through artificially -corroded Cu -alloys, that chlorine is preferably deposited asin an inner layer, in between the alloy’s bulk and the outer corrosion layer. This preferential deposition is created by a mechanism originating from mechanical stress or chemical reaction, in whichwhere cracking occurs onin the surface and promotes pitting corrosion. This process causes a further dissolution of the alloy, producing more Cu+ cations that reactreacts with the Cl- anions present in the solution. As a result, CuCl and CuCl2 are formed and buildbuilt up in a layer internal to the corrosion surface. Even though the formation of chloride compounds is propelled in this mechanism, the resulting weight percentage concentration of chlorine is still relatively low (when compared to the alloying elementelements concentration and the system detection limit), commonly about 2 wt.%. Moreover, if chloride compounds are to be deposited underneath a Cu-oxide layer, the Cl detection by the MA-XRF system is further hindered by attenuation effects, thus making its detection extremely difficulthard.	Comment by Proofed: Is this what you mean here?

Chlorine has a low atomic number (Z = =17) and, therefore, its fluorescence linelines energies are very low. Heavier atoms, such as copper, present in any given overlapping layer, can easily absorb chlorine’s signal coming from underneath.Figure 6. Sample B surface (A) and scans: (B) sum map; (C) copper map;          (D) filtered copper mapma; (E) sulphur map.
Figure 5. Sum spectra comparison of sampleSample A and sampleSample B. Arrows point to S-Kα and Cl-Kα lines. 

Reference sampleSample B
Figure 6 shows the total counts (sum) map alongside the elemental maps and a picture of the surface of samplethe Sample B after being, immersed in the sulphate-containing solution. 
As a first approach, sample roughness and scanner response must be interpreted, as they can play a significant role as, being one of the major geometrical variables that may affect the scanner performance. Therefore, a comparison between roughness and the sum map can show the presence of a geometrical factor that createscan create a sort of distortion toon the scanner response. If the counts per pixel and Cu-peakpeaks signal-to-noise ratio are relatively high, it is possible to determineone could account, through the total counts (sum) map, if there are any roughness contributions to the final images.
In fact, when applying an average-threshold filter (cutting off pixels with a centre-weighted average lower than the threshold input value) to the copper maps, a certain gradient in the intensity can be appreciated. Initially, the reasons can be three-fold: (a) the formation of a variable -in the thickness corrosion productproducts layer thatwhich attenuates (proportionally to its thickness) the signal from the copper atoms underneath; or (b) a selective/preferential corrosion of copper; or lastly (c) a distortion caused merely by the surfacesurface’s roughness.
After carefullyCarefully inspecting the elemental maps of copper and sulphur from samplethe Sample B, the sample’s aspect (Figure 6) and the relatively smooth surface presented by the profiles obtained, it is reasonable to assume that what caused thea gradient in the copper intensity is the presence of a thicker corrosion product layer area (whiteish region, Figure 6A) in the upper part of the sample surface. The corrosion productproducts layer thickness can vary greatly, dependingand it depends on the nature of the products present and the alloy. As an approximation, for bronzes, its thickness can vary from 40 to 138 μm in the case of tin bronzes and from 14 to 146 μm in the case of quaternary bronzes [30]. Therefore, even though athat pure copper corrosion productproducts layer thickness is notcannot be completely comparable to thatcompared with those of bronzes, it is still unlikely that, in this case, roughness would cause any significant distortion in the elemental distribution maps.	Comment by Proofed: I have made some changes here to clarify the language. Please check that I have retained your original meaning. 

Concerning the corrosion compounds distributed across the sample surface, the chemical elements that can be associated withto any corrosion product formed, are copper, sulphur and chlorine (since oxygen cannot be detected by the instrument). In addition, Cl and S are light (low Z) elements and their countcounts statistics are veryconsiderably low (Figure 5). The presence of chlorine Chlorine (although detected by the instrument), probably belongs to the PVC sample holder instead of the Cu-coupon itself, comparable with samplein an analogous fashion to Sample A. Sulphur was detected across the sampleSample B surface (as expected) and formed what seemed to be aa seemingly gradient that spreadspreads from the upper-middle portion towards the lower region (Figure 3E). μXRD analyses on samplethe Sample B suggest the presence of sulphur in the form of posnjakite and brochantite, so it is reasonable to assume the presence of sulphur is reasonable.	Comment by Proofed: I have made this change for clarity. Please check that you are happy with this addition. 
	Comment by Proofed: Should this be 'sample' or 'alloy'?
	Comment by Proofed: Is this what you mean here?

conclusion
This study allows aone to better understandingunderstand the potentiality of the potential 
and capabilities of the prototyped MA-XRF scanner for the characterisation of Cu-based artefacts. The scanner is able tocould identify the presence and surface distribution of the different elements, which iscan be linked to the presence of different corrosion products on the metal surface.
Even though an in-depth corrosion assessment requires a multi-analytical approach to characterisecharacterised the corrosion products also from the microstructural and morphological perspectivepoint of view, MA-XRF measurements can be successfully employed for a preliminary investigation, which can also be carried out also in the field, highlighting the presence of stable and reactive corrosion products grown on the metal surface due to its interaction with the environment.
Future developments within the prototyped MA-XRF framework, apart from its application to differenton other archaeological materials of different natures, will comprise its continuous assessment on real stratified corroded archaeological metals to increase its resolving capabilities and performance.
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