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Executive Summary  

 

Waste heat recovery is the process of capturing heat from waste streams of existing industrial 

process and using this heat directly, upgrading it to a more useful temperature, and/or converting it 

to electrical power or cooling.  

In this regard, the main objective of I-ThERM project is to develop and demonstrate technology 

solutions to address heat recovery from a wide range of primary flow streams extending from 

around 70 ºC to 1000 ºC and the optimum utilisation of this heat for heating, power generation or a 

combination of both. The heat recovery solutions will be based on innovative heat pipes whose 

design will be optimised for a wide range of fluid stream types, temperatures and flow rates as well 

as uses of the recovered heat. Depending on the needs of specific plant or over the fence users, the 

recovered heat will be used directly, employed to drive a power generation system or a combination 

of the two. In high temperature heat recovery applications, where the sCO2 cycle is employed, the 

heat rejection from the sCO2 system will be at a high enough temperature to be used for heating or 

even to drive a TFC system if the capacities of the two systems are appropriately matched. 

I-ThERM will produce standardised heat pipe based designs for heat recovery from gaseous 

exhausts to:  

a) enable easy application with minimum process disruption;  

b) minimise space requirements;  

c) minimise heat transfer area requirements and costs through the two-phase heat transfer 

capability of heat pipes;  

d) allow for condensation to maximise heat recovery through the appropriate selection of 

materials and coatings;  

e) provide for easy cleaning and reliable and low maintenance operation 

For this the WP9 involves the investigation and development of coatings for the heat exchangers to 

enable operation up to temperatures of 500 ºC. This will consider:  

i) state of the art of coatings available that could be used or developed further to protect internal 

and external surfaces from corrosion particularly when supercritical sCO2 is used as the working 

fluid;  

ii) state of the art of coatings for temperatures up to 200 ºC to resist corrosion and acid attack on 

heat pipe based condensing economisers;  

iii) develop beyond state of the art suitable coatings for these applications and apply to heat 

exchangers to be used in the project. 

So, this deliverable describes the protocols to be established for testing and characterized the coating 

simulated the real conditions in which the Waste heat recovery will be implemented. 
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1 Introduction 

 

This deliverable is included within the reports for the WP 9 “Coatings for Heat Exchangers”. The 

main objective of this WP is the development of coatings for improving the properties of heat pipes 

developed in WP6, overcoming corrosion and stability problems and reducing the cost of 

maintenance. Also exhibiting high thermal conductivity as well as increased DwC associated with 

increased robustness and long service life. Additional objective is the control and manipulation of 

the coating surface properties either upon deposition or by post treatment.  

To achieve these objectives, several tasks will be developed, namely; 

-Task 9.1. State of the art on coatings for harsh environments 

-Task 9.2. Laboratory investigations into coatings for sCO2 and acidic exhaust condensate 

-Task 9.3. Investigation of wetting phenomena on heat transfer 

-Task 9.4. Develop and implement coatings 

So, different coatings will be essayed in samples of the selected materials. The coatings will be 

based on different nanostructured metallic alloys of nickel and transition metals. Concretely, the 

coatings that will be study are: 

 Ni-W, Ni-Mo, Ni-Cu, Ni-Cr, Ni-W-PTFE, Ni-W-SiC alloys based on electrochemical 

deposition. 

 Ni-W, Ni-W-P, Ni-W-B alloys based on chemical coatings  

 Ni-W alloys based on electroplating coatings  

 Ni-W alloys based on chemical coatings  

 Thin ceramic coatings  

 Polymeric coatings of multiple hydrophilic/hydrophobic/superhydrophobic patterns towards 

enhanced drainage.  

In this document is shown the protocol to be followed for the characterization of the different 

coating developed.  

According to the recommendations of the review report, in this revised version are included the 

revision of the D 9.2 “Coating testing protocols” in which the test used for the corrosion evaluation 

are described in more details. The testing procedures and parameters, sample preparation as well as 

new tests that are used in the current experiments (system for the evaluation of corrosion in 

CO2/water system and electrochemical measurements in liquid media) are also described. There 

also included pictures of the equipment that are being used for the experiments.   
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2 Coatings Tests protocols 

 

In this chapter, a more detailed description of the tests carried out for the evaluation of corrosion is 

shown. It is convenient to emphasize that some tests described in the previous deliverable (D9.2) 

have been eliminated and replaced by new ones necessary for a correct corrosion evaluation as 

described in the DoA. 

Among the eliminated tests Spray Salts was selected since in the works carried out both in the WP9 

and in the WP7 it has been demonstrated that it did not give relevant information for the evaluation 

of the coatings. This method has been considered slow, it does not show differences between the 

different alloys and therefore is not considered to be representative for the project.  

 On the other hand, in the case of the new tests introduced are those corresponding to the evaluation 

of the different coatings in a CO2/water system as well as electrochemical measurements in liquid 

medium. According to this, for testing the coating developed, the following tests would be included 

in the protocol.  

2.1 Adhesion tests 
 

This is an important property of any electrodeposit since without adequate bonding between the 

coating and the substrate, the plated component cannot be put to the application for which it is 

meant. Although quantitative methods are available- applicable only to relatively thick deposits 

applied on test samples specially prepared –for a practical plater, qualitative test give sufficient 

information regarding the strength of the adhesion of the deposit. All methods are destructive and if 

no peeling, flaking and or blister formation is seen after the test, the adhesion is satisfactory. The 

two methods to be used in the project are described below: 

-Peel test 

A brass or steel strip is fastened to the test piece by applying on adhesive (epoxy based or similar 

cement). Then the strip is pulled at an angle of 90º to the surface such that an attempt is made to 

remove the deposit.  

-Heat Test 

The plated part is heated to 250 ºC in an air oven and the quenched in water at room temperature. 

When bonding is poor, blisters are formed.  

2.2 Metallography studies: Thickness, coating morphology and composition 

 

Before carrying out the metallography study, it is necessary to prepare the sample correctly. For it: 

1.-Cut the pieces with the precision cutter to the desired size: approx. 2cm wide and 1.5cm long. 
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2.- The samples are placed in the mounting press, and the resin is added. The specimens are 

mounted under heat (180 ºc) and high pressure for 10 minutes. 

3.-Cut a 1cm slice from the base of the stuffed piece. 

4.-With the sander, the material is polished to obtain the appropriate surface to be able to measure 

by means of imaging techniques. 

The coating morphology and composition are determined using optical microscope (Leica 

Microsystems, model DM 2700M Ren RL/TL), scanning electron microscopy (SEM, (Hitachi S-

2400, 18kV and tungsten filament)) and an energy dispersive spectrometer (EDX, Bruker Esprit 1.9 

xFlash 5010 Quantax 200, detector area 10mm2, working distance 12 mm, mapping Scan 300”) 

coupled with the SEM. Energy dispersive X-ray spectroscopy (EDX) is used in order to know the 

weight percentage of the components in the coating. The coating thickness will be measured at 5 

different randomly selected locations from the cross-sectional SEM micrograph. Before being 

introduced in the microscope, the sample must be cleaned with isopropyl alcohol, mounted on 

sample holder with adhesive and then introduced in the sputter coater (SC7620, Au 57 mm x 0.1 

mm) during 30 s to 1 min.  

 

 

Figure 1- Optical Microscope, SEM and EDX in Avanzare facilities 

2.3 Hardness 
 

To distinguish the hardness of electrodeposit from those of massive metals or alloys, the 

terminology “microhardness” is used. Thus, microhardness testing will be performed on the cross 
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section of the joints. The method used is a penetration method in which a diamond indentor, 

pyramidal in shape, will be employed. The Vickers methods is the one chosen for testing the 

microhardness in the I-ThERM project. Due to the thickness required we will use the Vickers test in 

which the general rule is that the deposit thickness should be 10 times, or preferably 15 times, the 

depth of the indentation. The depth of the indentation is one-seventh of the length of the diagonal of 

indentation. The Vickers indentor is a symmetrical pyramid with an included angle of 136º between 

faces. The Vickers test consists of pressing the Vickers indentor with a known load against the 

deposit for 30 to 60s, realising it, and measuring either the diagonal (average of diagonals) using a 

microscope  

 

EQUIPMENT: Vickers hardness tester (AKASHI MVK-F Hadrness Tester) with digital camera 

adapter for measuring Vickers fingerprints in manual mode via PC. With loads of 10 grams to 1 

Kilo (it is better to avoid loads less than 50 g).  

Since electrodeposits are thin in cross section compared to the substrates/massive materials, the 

loads employed for microhardness measurement are in the range of a few grams to 200 g and most 

frequently in the range 25 to 100 g (the higher the load chosen, the higher the microhardness is 

expected to be).  

NOTE: with the load of 50 grams we can measure between 19 and 1450 HV. 

The samples must have from 2 (as minimum) to 4 cm (as maximum) of high and 2 cm of width of 

maximun as size. The cutting of the pieces has to be completely straight and uniform. Otherwise, 

the measurement of hardness may be affected.  

The surfaces must be sanded and polished.  

a. Sanding the surface to be measured (only done in cases the surface is not uniform). It is made 

with AC100 fiber support sanding discs. (Approximate time: between 30 seconds and 1 minute) 

b. Polishing of the surface to be measured: It is done with the Bosh discs with reference 

(POLISHING FELT WITH VELCRO OF 125 DIAMETR- 2 608 612 006-720) and bar wax 

(polishing paste Ref 462) 

(Approximate time: 4 minutes, the heating of the piece should be avoided) 

For I-ThERM project, the reported value for the hardness of a deposit will be given as the average 

of 5 measurements. 

2.4 Wear resistance 
 

Wear is the progressive removal of material from a surface in sliding or rolling contact against a 

countersurface. Wear is caused by complicated and multiplex sets of microscopic interactions 
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between surfaces that are in mechanical contact and slide against each other. These interactions are 

the result of the materials, the geometrical and topographical characteristics of the surfaces, and the 

overall conditions under which the surfaces are made to slide against each other, e.g., loading, 

temperature, atmosphere, type of contact, etc. All mechanical, physical, chemical, and geometrical 

aspects of the surface contact and of the surrounding atmosphere affect the surface interactions and 

thereby also the tribological characteristics of the system. 

Most common tests to evaluate the resistance of materials to abrasive wear explore either wearing 

surfaces with fixed abrasives, e.g., grinding papers or grinding wheels, or use loose abrasives which 

are fed into the contact between the sample and a countersurface, for example a rotating wheel or 

disk. For the wear characterization within the I-ThERM project the test proposed involves exposing 

the material to the abrasive action of a steel disk rotating in contact with the sample surface 

The Taber Abraser, is used to measure the low-stress abrasive wear resistance of materials and 

coatings. Low-stress abrasive wear occurs when hard particles are forced against and move along a 

flat, solid surface where the particle loading is insufficient to cause fracture of the hard particles. 

Two- and threebody abrasive wear can be assessed with this method. The Taber apparatus is shown 

in next figure. The specimen, which is coated or uncoated, is rotated, causing the abrasive wheels to 

drag and abrade the surface. Wear is normally determined by weight loss. 

 

Figure 2 - Taber Abraser in Avanzare facilities 

 

2.5 Corrosion resistance.  
 

The coating developed within the I-ThERM project is expected working in a several extreme 

conditions. So, highly demanding tests will be carried out. All of these tests will be performance 

under strictly controlled laboratory conditions. 
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3 Acid conditions 

 

One of the key tests to know the degree of success achieved in coatings is the test of resistance to 

corrosion in acidic conditions. In this type of tests it is important to have a strict control over 

parameters such as temperature and concentration and type of acid. Temperature is an extremely 

important variable; an increase of 10ºC may cause an increase in corrosion rate. Thus, tests at 

different temperatures as 40ºC, 95ºC and 110ºC.  

And with different acid H2SO4 (40 % and 10 %), HCl (,37 % and 10 %), HNO3 (40 % and 10 %), in 

three cases,  

 

 Full immersion at 40ºC 

 10 cm immersed (95ºC) 

 Gas phases (95ºC)  

 

 

In addition to acid concentration and temperature, one must consider other variables concerned with 

specimen preparations. That will be specimens may have pipe shape and for first stage, with 15 mm 

of exterior diameter and 90 mm of length. Later on this dimension will be change according to the 

experimental tests. The samples were clean with organic solvent dried and weighed using a 

precision balance.  

Due to in strong nitric acid media it is best to avoid testing in glass (inhibit corrosion), plastic 

chamber will be used for performance tests corrosion (picture).  

 

 

Figure 3 - Sample and plastic chamber for corrosion test in acid conditions 
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After degrassing the speciments with organic solvent, the pipe will be introduce in the chamber with H2SO4 

and HNO3 concentrated enviroment. Later on the chamber will be introduce in an oven at 250ºC. 

Concentrated sulfuric acid (above 87% by weight) is oxidizing in nature and also, nitric acid is strongly 

oxidizing and, because of this, coatings with the best resitance will be those that form passive oxide films. 

The corrosion rate is determined from weight loss after the exposition.  

Those coatings that have passed in a satisfactory way this first test, will be tested in a system that 

simulates the real conditions according to their end use. The second stage will be the introduction of 

the large pipe and vapor gas of sulfuric acid and nitric acid.  

 

 

In order to establish the tests sequence to follow, it has been determined perform them according to: 

 

4 CO2/water system 
 

As processes using supercritical fluids is involved in the I-ThERM project, it is clear the need of the 

corrosion studies under these conditions. The samples were clean with organic solvent dried and 

weighed using a precision balance. The experiment is performance in autoclave with 7.5 liters 

volume. 2 liters of water is added to the autoclave and CO2 gas is bubble for 3 hours to remove 

oxygen before starting the test. The corrosions tests are conducted under different pressures of CO2 

(40-80 bar) at 50ºC. The corrosion rate is determined from weight loss after 24 hours of exposition.  

 

 

In 

out

250 ºC, vapour phase, with H2SO4, 
HNO3 etc.
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Figure 4 - Test autoclave for CO2/water corrosion experiments 

 

 

5 Electrochemical Impedance Spectroscopy (EIS) method  

 

The Electrochemical Impedance Spectroscopy is a powerful tool to provide a complete evaluation 

of the corrosion protection properties of the coatings developed within the project. It is a non 

destructive technique used to follow the evolution of the coating providing in short time information 

about the corrosion kinetics. 

EIS is a non-stationary technique based on the differentiation of the reactive phenomena by their 

relaxion time. The electrochemical system is submitted to a sinusoidal voltage perturbation of low 

amplitude and variable frequency. At each frequency the various processes evolve with different 

rates, enabling to distinguish them.  

 

The electrochemical measurements are carried out in a IMPEDANCE/POTENTIAL ANALYZER – 

GALVANOSTATE ECOCHEMIE model AUTOLAB PGSTAT 302N - FRA 2 - using a 

conventional three electrode cell filled with the electrolytic solution (Figure):  

- working electrode (the sample under study),  

- counter electrode (a platinum grid)  

-and a reference electrode (Ag/AgCl).  
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Figure 5 - System for measuring the corrosion process by electrochemical impedance spectroscopy (EIS) in Avanzare facilities 

 

The electrolite for the experiments are:  

 30% of H2SO4  

 30% H2SO4 with 0.5 g/L of sodium fluoride (NaF) 

The impedance measurements are performed over large frequencies ranges, typically from 1000 

kHz to 10 mHz using amplitude signal voltage in 10 mV (rms). For EIS measurements on samples a 

range of -20 to maximum 50 mV is used. The EIS spectra is acquired using potentiostat with a 

frequency response analyser. The time of the measurement is 300 s. 

 

IES CONDITIONS  

 

Edit Frequencies: 

PARAMETERS 

Begin Frequency 1.000.000,0 Hz 

End Frequency 0,01 Hz 

Number of Frequency 81 

Amplitude (rms) 0,01 V 
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Calculate:  

 

Page 1: 

PRETREATMENT  

Frist conditioning potential -0,2 / + 0,5 

Duration 300 s 

Equilibration time 5 s 

Repeat pretreatment before every no 

 

MEASUREMENT  

A.C. mode Single  

Cell off after measurement  x 

Standby potential  0 V 

Define potentials w.r.t OCP x 

Time to wait for OCP 1s 

 

POTENTIAL 0 V 

Page 2: 

PRETREATMENT  

Stop equilibration at threshold  NO 

Equilibration threshold value  0 A 

Second conditioning potential 0 V 

Duration 0 s 

Third conditioning potential 0 V 

Duration  0 s 

 

MEASUREMENT  

Synchronized measurement  NO  

 

The impedance data is represented in two ways: 

- Nyquist spectrum: is a plot of the imaginary part versus the real part -Zim as a function of Zre.  

 

-Bode diagram: log |Z| and phase angle φ as a function of log f  

A Bode diagram consists of two graphs: one is a plot of the logarithm of the magnitude of a transfer 

function, the other is a plot of the phase angle and both are plotted against frequency. 
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COATING TESTING PROTOCOLS 

 

 

 

Once the samples have successfully passed all the tests proposed, they will be considered 

appropriate within the necessary requirements in the project I-ThERM 
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6 Conclusions 

 

They have been set out the steps necessary for correct characterization of the coating to be 

developed within the work package 9. Thus, in this deliverable 9.2 assays and tests to follow have 

been described so that it has established a protocol. 
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