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Abstract

Introduction of high technology in the central hegtindustry has been accompanied with new cornosio
problem in connection with the modern concepts sigthe condensation and with the choice of maderia
such as aluminium for the heart exchangers (bodéed radiators) and polymers (hearting floors). We
describe the new corrosion inhibitor specificallgs@yined to protect the central heating circuitshiose
more demanding conditions, particularly when aldonm is present. The mode of action against
electrochemical corrosion, pitting corrosion, flavduced corrosion, acid corrosion, alkaline cowasand
oxygen permeation are demonstrated from a compbete of experimental results/electrochemical
measurements, gravimetric tests and XPS surfaclysesaThe depletion of the organic and inorganic
components has also been followed in 100 realllattans treated to follow the behavior as a funiectdf
time.
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1. Introduction

Aluminium is more and more used in the central inganhdustry for the fabrication of heart excharggef
gas boilers as well as radiators because of thepgirnal thermal conductivity (238 WhiK™) close to that
of copper (390) and much better than stainless Etdg This property, together with the low specihass
(2.7 g.cn?®) is giving growing applications of aluminium ineas traditionally confined to ferrous alloys:
automobile engines, central heating, etc. Howethés,metal is at the same time an electronegatement
and a soft material ready to be corroded. Whereascorrosion of the iron has given rise to coustles
studies, that of aluminium is far less understaodhe condition of the central hearting : use afasive
(tap) water, elevated temperatures and intense et@fyve gradients, hydrodynamic fast flow and
combination of many other metals (e.g. copper) axaderials (e.g. plastic tubing for heating floorsla
heating walls). Corrosion may occur under all t#sgble forms:
electrochemical, chemical, localized, flow indu-cett.
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Most of the commercial corrosion inhibitors whictene mainly intended to protect the ferrous systems
failed to give an effective protection of the pamsde of aluminium. The specific corrosion inhibito
(INIBAL) has been developed with the main purposerotecting the aluminium alloys used in the cahtr
heating systems in combination with other metalse Bame failures had been observed with some
commercial antifreezes which used to damage alumirboilers and aluminium radiators. The antifreezes
(INIBAGEL and SANIBAGEL) were then formulated indarto combine thénhibiting properties of the
inhibitor INIBAL with standard glycols.

We present in this paper a strategy to evaluate pinetective effect on aluminium as well as on tibker
metals based on complementary experimental tecésiguelectrochemical mea-surements (polarisation
curves, corrosion current, corrosion potential, apehtion resistance), gravimetric tests and sarfac
microanalysis. We have also followed the kineti€glepletion by measuring the water composition in a
number of installations treated with INIBAL and BAGEL from atomic absorption and high resolution
NMR analysis.

2. Experimental

1.2. Composition
The present corrosion inhibitor is specifically idegd to protect the central heating installatiovith
aluminium parts. Therefore the new formulation taétllfill the following conditions :
- Perfect protection of aluminium, particularly theat exchangers in the condensing gas boilers, iaube
most severe circumstance : a) connection of alumirto less electropositive metals such as coppar, i
lead, tin; b) introduction of oxygen through joinpaimps, expansion vessels, plastic tubing of hedtbors
and c) corrosive waters from all types of waternsyp
- Good protection against corrosion of other migtglarts: steel, cast iron, copper, brass, solder,...
- Good protection of the polymer parts: polymerd atastomers.
- Low toxicity, in order to be legally added to tiemestic central heating circuits also produciagitary
hot water.
The basic principles of INIBAL are:
- a mixture of triazole molecules: benzotriazotdyltriazole and derivatives. These are all welbm to be
the most powerful inhibitors of copper and brass-[&]. INIBAL guarantees a perfect protection o th
copper and copper alloys which are practically gmesn all the systems of central heating. In addijt
these molecules make the copper ions disappear tinemwater of the circuit under the form of very
insoluble precipitates. This action is very benafialso for the protection of aluminium which teasily
gives pitting corrosion in presence of copper ionsther metallic ions. This indirect efficient pemtion of
benzotriazole on aluminium itself is of crucial iomfance. We have also studied the adsorption of
benzotriazole on aluminium in the present work beeat had been investigated [6 — 11] with contreia
results.
- sodium molybdate: The molybdate ion is an anaditosion inhibitor greatly used for iron [12] baiso
for aluminium [13 — 15]. The efficiency of molyb@ais reinforced by the presence of oxygen or an
oxidizing agent. Some oxygen may penetrate intotmusallations through the plastic tubes (heating
floors). However, every oxygen trace may disappam waterproof installations because of the
scavenging effect of iron. Then some N@ns may be added at a small concentration. Thghdate ion
is more and more used in central heating insteachadmate, outlawed for ecological grounds in many
countries. On the contrary, the toxicity of molytelas very low [16]. Moutarlier et al. [17-20b]dd to
incorporate inhibitors of corrosion at the timetiog¢ anodisation of the aluminum alloy in sulphuriedia.
Satisfactory results have been obtained at the dinttee anodisation in presence of the molybdate io
- Sodium nitrate : Through its progressive releafsexygen, the nitrate ion is a good corrosion litior of
aluminium [21] which relies on a tight oxide filrorfprotection [22]. It also plays a role on thetpotion of
iron in combination of the molybdate ion. Nitratddiion, to for instance Feglsolution, is a known
example of pitting corrosion inhibition on mild et¢23].
- Surfactant: A soft surfactant is used at low @niation. Clean metallic surfaces free from fatirsents,
grease and other debris improve the thermal effggieof the installation. The same transfer of hezat be
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obtained with lower temperatures of the circulativater. Therefore, clean surfaces decrease theedanhg
corrosion through erosion-cavitation. Clean sudagso prevent the boiler noises which are assutitat
the implosion of steam bubbles formed on the owadtepoints of the heat exchanger.

- pH buffer : The pH of the tap water varies inidewange with the origin of the water supply. Aldee pH

of the antifreeze coolants tend to decrease becaiusiee irreversible oxidation tendency of the wate
soluble liquid alcohol freezing point depressargghylene glycol, monopropylene glycol, triethylene
glycol). Therefore the pH of the circulating wateas to be maintained in the passivation range of th
metals. Unfortunately, the respective passivatianges of iron and aluminium do not overlap. The
commercial products originally formulated for thefection of the ferrous metals impose a very Ipgh
value of about 10 or even more due to a very alkdbuffer (like silicate or tetraborate). This irddalls in
the passivation range of iron on the Pourbaix diagne, but at the same time in the region of intense
alkaline corrosion of aluminium where 8k is dissolved.

In the same way, whereas the organic amines [2d]pamticularly the fatty aliphatic amines, polyassn
[25] and alcohol-amines [26] are good to prevestttiting corrosion of steel, they may be dangeffous
aluminium. Finally, we have chosen a buffer whiétheg a neutral solution (6 < pH < 7.5) in order to
privilege the protection of aluminium against tinemical corrosion.

2. 2. Electrochemical measurements

We have used the standard cell which the workiegtedde is a specimen with 1 Textracted from a heat
exchanger of a reknown commercial aluminium boidter a careful polishing and cleaning. The counte
electrode is a platinum foil while the referencaisaturated calomel electrode. The polarizatiowesuof
the current density as a function of the applietiage are measured at the speed rate of 1'mVtss is for
aluminium a compromise; slow enough to be closthé¢ostationary regime and sufficiently fast to aila
limited change of the composition and of the swafa€ the working electrode. The ohmic drop voltage
between the working and reference electrodes entakto account. The polarization curves are rezghias

I and Ln(i)-vs-E from the negative towards the pesiE in the range — 2500 mV < E < 2000 mV.

The measurements have been carried out for a nushlr@nibitors and at different water compositi@asa
function of the concentration, temperature andtaera

2. 3. Gravimetric Test ASTM-1384 [27]

This test originally devoted to specify antifreezmolants for automobile radiators is a screenirsy te
evaluate the inhibitor efficiency against uniforormosion. It is however of limited interest in cadepitting
corrosion, which may dramatically destroy centrehtiimg systems without being detected by this test.
must therefore be kept in mind that the gravimetg&ts should be considered only in combinatiom wie
electrochemical measurements and surface micrasesly

2. 4. Electron Spectroscopy for Chemical analyBBGA)[28-29]

The ESCA (or XPS) technique is now widely usednweestigate the chemical composition of the outer
surface for all types of solids. The method is ipatarly adapted to identify the inhibiting mechsmis of
the film-forming cathodic, anodic or mixed corrasimhibitors [30]. It shows the nature and quatifythe
film over a thickness of a few hundreds of Angstsdpnecisely where the efficiency must be verified.
addition, the method also gives the oxidation sta® well as the nature of the chemical bondinthef
oxygen atoms. This is extremely well suited togpecific problem of aluminium, whose protectiobased
on the formation of an oxide film which may takéfelient forms (bayerite, boehmitte,...) accordinghe
temperature, metallurgic state of aluminium and paosition of water.
We have used the X-ray source of magnesium(X253.6 eV) of our instrument to produce the prima
beam. The electrons emitted are focalized by a&sysif three transmission electrostatic lenses lagyl dre
analysed versus their energy by a retarding peatlenliscriminator of semi-spherical symmetry. The
amplification power of the detector (Channeltran)L@.
Our instrument is also equipped with a scanningoeam (Af). The diameter of the beam is 300 um and it
is possible to scan a surface of 1°cive have used this facility to investigate the position of the film
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formed at the surface of aluminium samples as etim of the deepness by steadily sputtering theenad
with the argon beam.

The surface analysis as a function of the depteggikie topological nature of the passivating fillick has
developed from the metal. The method also allowsnake the distinction between the components
physically adsorbed at the surface and those reallyedded inside the coating layer.

2. 5. Practical experimentations

The efficiency and modes of action of the inhitstdrave been evaluated not only with the standard
laboratory tests but also after the results of miization, which can hardly be simulated in thboratory
because of the complexity of the central heatirggesys.

The experimentation has been made on a samplingefhundred systems situated in small buildings all
equipped with a gas condensing boiler (GEMINOX MYa8ad 4 to 8 steel radiators. The circuits had been
filled with the tap water added at the concentratid 1% of the inhibitor INIBAL. The physic-chemica
properties and the chemical composition of theutating water have been accurately analysed ataegu
intervals in order to measure the depletion ofitlievidual components. This was also useful to eitee

the practical life time of the inhibitor.

2. 6. Concentration of the Corrosion Inhibitor

One currently observes in real circumstances lgggtive or negative departures from the nominal
inhibitor concentration even at the beginning ot ttreatment. Moreover after some time, almost
unavoidable readjustments of the nominal presstirde circulating water lead to introduce additiona
water and, subsequently, to dilute the corrosidbitor. It is therefore essential that a safe litor does

not provoke any risk of enhanced corrosion in a#s@rge overtitration or undertitration. This rigkists
with some otherwise good inhibitors. As an examgbelium benzoate is known as a good inhibitor riom i
and it's has been extensively studied. Howevehad been shown that at any given pH, benzoate only
inhibits the corrosion of iron over an intermediatscentration range, too low or too high a corneion
leading to corrosion [30]. All such potentially dgmous inhibitors have been turned aside in the
formulation of INIBAL because in the central hegticircuits the concentration is very difficult tordrol,
much more than in a vehicle where the volume istmamaller.

3. Results and Discussion

3.1. Electrochemical measurements

The same tap water stored in a large tank has umssththroughout this section. This water suppligthie
city of Rennes is a soft tap water typically aviaidéein France. Its composition is given in Table I.

Table I. Composition of tap water supplied by the city @nRes in France.

Standard tap water maximum acceptable concentration
Cl 42 mg.I' -

Sulfate 20 mg.I' 250 mg.I'

Ca 37 mg.I' -

Na 9 mg.I* 150 mg.I"

Si 5 mg.I* -

Nitrate 33 mg.I' 50 mg.I"

P 50 pg.I" -

Cu 15 pg.I* 1pg.t

Fe <5pug.l* 0.2 pg.l*
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In electrochemical reactions when the overvoltagarge enough, the total current density canssaraed
to be either entirely cathodic or entirely anodec@ding to the respective ranges. Tafel law cam the
applied and the corrosion potential as well as ¢beosion current can be easily determined by the
extrapolated Tafel straight line [31]. The expemtad results do not obey Tafel law at all in theodin
regime. The representation is better in the cathodgime. For the sake of comparing the inhibiting
properties with numerical data, we have given tbgrasion voltage and current by extrapolation of a
pseudo-Tafel straight line in the cathodic part.
As for the polarization resistance, we have adbfite same empirical definition already used indase of
steel corrosion [32]. This parametgris a measurement of the difficulty at which unifiocorrosion will
develop. The higheryris the lower risk of uniform corrosion. This redaisce is determined from the
polarization curve :

rh =AE /i
by choosing the voltage difference between the i@nadd the cathodic branches for the given current
density i = 10 A.cm®.
The polarization curves of Al 6060 with respectv@l, 1 and 1.5% INIBAL are studied. The corrosion
potential is shifted significantly by approximatef00 mV towards the more positive potentials. The
corrosion current density is decreased and theipateon resistance is increased with the inhibifthiese
data are given in Table Il. In addition to thes@enices, the effectiveness of the inhibitor camewmre
clearly be seen by the extended width of the pasisivrange.

Table II. Potential, current and resistance of corrosiodwhalium in some aqueous solutions at T = 293K

Nature of solution Corrosion potential Corrosion eatr | Polarisation resistance
(mV) (HA.cm?) (Q.cnf)
Plan water -1250 10 6 100
1% inibal -950 4.7 9150
2% inibal -900 3.2 13 600
20% inibagel -950 3.4 14 400
30% inibagel -850 2.1 14 400
Non-deaerated plan watef -1250 10 6 000
1g.I* NaNG; (deaerated) -1250 3.2 15 000
1g.I" NaNO, -1250 34 14 600

The polarization curves have been measured selyawitdh each of the individual components of the
inhibitor, in order to identify the action modetbke complete formulation on the electrochemicatasion.
Little effect is observed with the organic inhilsgdike benzotriazole, tolyltriazole, etc... The shof the
corrosion potential can be attributed to molybdate nitrate whereas the spectacular broadeningeof t
passivation range is mainly due to nitrate.

The overall same curve is observed as might haen lexpected on the electrochemical behavior of
SANIBAGEL, which combines the antifreeze properties monopropylene glycol to the inhibiting
properties of INIBAL. The main difference is a fer increase of the passivation range owing to an
increase of the electrical resistance of the aliumiroxide layer.

3.1.1. Influence of dissolved oxygen

The presence of dissolved oxygen in the circulatirger is a subject of controversy. In a systenhwit

metallic turbings, no leak and no outside expansiessel, the air introduced at the first fillingositd be

expected to disappear after a short period duket@écreased solubility of oxygen in hot water alsg to

the scavenging effect of the metallic parts, palady with steel radiators and cast iron boilddewever,
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one often observes in practice a number of possieces of possible sources of continuous injeabio
oxygen: pump seal not perfectly airproof, expansiessels with open surface or through the plasbogs
used in the heating floors [32].

We have checked the influence of dissolved oxyggrcdmparing the behavior of aluminium in water
saturated with air at 293 K and in deaerated wagempectively. The deaeration was obtained thraugh
preliminary treatment of the aqueous solution blghitng of purified argon. The polarization curves ao
close that one can conclude that aluminium is eosisive on the presence of oxygen in the circoati
water. The oxide film formed in water originatesrfr the transformation of the hydroxide formed a th
early stage from the reaction between aluminiumweair :

3HO0+Al — 5  AI(OH) + 3H' + 36

The same comparison has been carried out in watkedawith a number of inhibitors.

Moreover, the polarization curves with NalN& the concentration of 1g.hre found to coincide so closely
that one can conclude to the absence of effectisdolled oxygen in the presence of ions possessing
oxidizing properties. More quanti-tatively, the eximental corrosion potential, current and poldiaza
resistance given in Table Il amonfirming thataluminium is not sensitive to the presence of allsma
quantity of dissolved oxygen, as far as the eletiemical corrosion is concerned.

Table Ill. Allowable maxima (ASTM D-3306).

Metal mg/sample ug/cnf
Copper 10 350
Solder 30 1 000
Brass 10 350
Steel 10 350
Cast iron 10 350
Aluminium 30 1000

3.1.2. Influence of temperature

In the working conditions of a heating system, tdraperature is cycled between different regimesrtter
to closely simulate the corrosion conditions, thecteochemical tests have also been carried 060 and
90°C. We have first studied the influence of terapme with untreated water. The corrosion potensial
seen to move towards more cathodic values. Howekerppposite trend had been reported in a similar
study with synthetic tap water [33]. We cannot akplthis difference, though it must pointed outt ttee
materials tested were different: Al-6060 in thesere study whereas Rother and Kuron [33] tested pur
99.8 H. More significant is the increase of both ttathodic and anodic currents from 20 to 60°Cctvhi
would lead to believe to endoenergetic reactiorsvéVver, when the temperature is further increasau f
60 to 90°C, the current density remains at almastesvalue. In the former investigation of the terapee
effect between 25 and 90°C, the current density alas found maximum at 70°C [33]. It is therefore
interesting to note the further decrease of thetrdlehemical corrosion with tempe-rature.
The influence of temperature with 2%, we can obséhe displacement of the corrosion potential toar
more noble values. Considering that the actiomefimhibitor at 20°C consists in a shift of 400 towards
noble potentials, the combined effects of tempeeatund corrosion inhibitor is a total noble shiftatmost
1 000 mV.VUKASOVICH and SULLIVAN [34] had already measurdtht the separate addition mtrate
shifted the pitting potential noblgbout 500 mV at the concentration of 2 g/l of ethg-glycol at room
temperature. Unfortunately, the situation is lesgofable for the corrosion current which increaséh
temperature. The enhancement is maximum at 60°€.comparison with the influence of temperature on
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the corrosion of Al-6060 in water without inhibitshows however that the inhibitor continues to give
satisfactory protection at high temperature in @y both the cathodic and anodic currents.

3. 2. Gravimetric test ASTM-1384

We have measured the mass losses (in |i9).ofrthe following metals and alloys: Cu,

Brass (Cu: 63%, Zn: 37%, Solder (Pb: 67%, Sn: 33a}kt iron, Steel, Aluminium after immersion for 14
days at the temperature of 88°C without aeratiome Btandard samples of Cu, brass and solder are
electrically connected as are the steel, cast @ath aluminium samples. This arrangement follows the
requirements of the test, originally designed far antifreeze formulations used in the automolitkistry

(the temperature of 88°C being the nominal tempeeaat which the thermostat has to open up in the
vehicle cooling system). The cleaning of the sampigor to the experiment as well as the removahef
corrosion products after the experiment strictljofwed the NACE standard instructions TM — 10- ©@e
allowable maximum for each metal is recalled onl@lb as the loss per sample and per unit area.

A few results selected from a number of systenragasurements are given on Table IV as the masssloss
in pg.cn’. The numbers accompanied by a star indicate a gmissin the few cases where strongly
adherent corrosion products remained on the mevals after the cleaning and etching procedure. Wnen
losses exceed 750 pg.énthe mass loss is reported on top of the inteedipars.

3.2.1. Influence of benzotriazole and tolytriaz@erivatives)

The dispute about the effect of the triazoles @nntietals other than copper was recalled in thedattion.
The conditions of the multimetal system (e.g. stadlators, aluminium boiler, copper pipes) areusated

by the simultaneous presence in the metals of tBaM test. We have studied the influence of
benzotriazole (500 mg) and tolyltriazole (500 mg?) in aqueous solution of monoethylene glycol (33%).
Triazoles decrease the weight losses not onlyeottpper alloys but also of all the metals (Takle |

Table IV. Influence of benzotriazole and tolytriazole (mkss in pg.cm)

Metal tap water benzotriazole + ethylene glycd| toigltole + ethylene glycol
Copper 106 45 68
Solder 811 242 470
Brass 98 38 15*
Steel 848 45 23
Cast iron 879 598 242
Aluminium 227 53 45

When copper is present in a system, an oxide filrfoimed at the surface. The copper oxide is $light
soluble in water and therefore, some copper iopgapin the circulating water. Those ions tenddpasit
at some points of the other metals where they saisteay efficient microcathodes. The results of €ai
clearly demonstrate the strong inhibition of aluinm, steel, solder and cast iron that is given g t
triazoles when copper or copper alloys are presefiig to the prevention of galvanostatic couplEise
benzotriazole and derivatives have good proteatifect on copper [35]. Casenave and coll [36] istid
the inhibition of the aluminum corrosion in presemt benzotriazole (BTA). The polarization curveswss
that the BTA is a very good cathodic inhibitor. Aoding to these authors, the BTA is more efficiemtthe
alloy of aluminum that on the pure aluminum. Zhélesxch and coll. [37b] confirmed the results of
Casenave and coll. [36].
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3.2.2. Influence of the glycol

The protection against corrosion of the aluminiugathexchangers used in the gas condensing bakite |
develop the inhibitor INIBAL and the inhibited aingieze agents INIBAGEL and SANIBAGEL; one had to
decide which same components should be used ii@dth the glycol. The action of mono-ethyleneagly
alone is represented on Table V compared with #wsults for a solution of 1% INIBAL and 33%
INIBAGEL. The pH falls down from 7 to 4.4 after thest while the stabilized at 7.7 with INIBAL and37
with INIBAGEL. The electrical conductivity also deaot vary around a fixed value of 16&.cni*. Both
solutions maintain the weight losses below thewadlgie limits when one except the moderate exceeding
loss of the cast iron. The Al-6060 test-pieces shavexcellent protection against corrosion providgdhe
inhibitor as well as by the inhibited antifreezéeTsamples are darkened by a passivating layehvigicot
removed by the nitric acid attack and a mass gainfew milligrammes is consistently found. The wheal
composition of the laydnas been determingdrough the XPS analyses described in the nexibsect

3. 2. 3. Influence of the dicarboxylic acids
The results for two long chain dicarboxylic acidamely adipic acid (HOOC (Ghf COOH) andsebacic
(HOOC (CH)g COOH) are given on Table VI.

Table V. Influence of the glycol (mass loss in pg:dm

Metal 1% INIBAL | 33% INIBAGEL 33% Ethylene glycol
Copper 114 23* 136
Solder 583 674 871
Brass 76 61 159
Steel 159 114 962
Cast iron 924 235 909
Aluminium 189 242 53

Table VI. Influence of the dicarboxylic acids (mass losgéncn?)

Metal 2% INIBAL | 1% INIBAL + adipic acid 1% INIBAL + sefcic acid
Copper 76 15 8
Solder 98* 288* 182*
Brass 23 76 45
Steel 68 76 61
Cast iron 773 727 705
Aluminium 273 674 606

These compounds like all the fatty acids have tedanhibiting properties [38, 39] particularly dgst the
corrasion of aluminium [40]. An amount of 500 mgaafipic acid exactly neutralized with NaOH (270 mg)
and of 680 mg of sebacic acid, also neutralizetgle haspectively been added in one liter of 1% INIBA
agueous solutions. There is a small but marked flogaleeffect on copper and solder. However, no
improvement on the cast iron is observed unlika iprevious study [38] where disodium sebacate was
mixed with benzotriazole. The aluminium mass I@sgther increased. We conclude that the ASTM-1384
test does not prove a significant improvement i pihotection of a multimetal system given by theglo
chain dicarboxilic acids in the conditions of oaskz formulation.
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3.2.4. Influence of sodium benzoate

Sodium benzoate is one of the most used and adaime time most criticized inhibitor [30]. Table VII
shows the mass losses in aqueous solutions at 1®AINwith and without a further addition of
ammonium benzoate (49g)l or sodium benzoate (4g)l The graph also shows a comparative study of
deionized and tap waters. The positive action oibate is clearly demonstrated, particularly omeoand
cast iron. This well known inhibiting effect of mrate is therefore confirmed, at least when the
concentration and the pH are falling within a givamge. However, it is also known that benzoate can
present an adverse effect when the concentraticontes either beyond or below that range [30].

3.2.5. Influence of the counter-ion

Many inorganic inhibitors owe their properties toiahibiting anion. The choice of the counter-catie a
compromise of several factors: behavior towardsosion, solubility of the salt and cost. We have
compared the mostly used cations, namely &al NH'. The results with benzoate are given in Table VILI.
No marked difference is observed. Nwas no reported influence towards corrosion ofmalium and its
alloys in aqueous solution [41]. Sodium silicatel @odium borate are used extensively to protecalsiet
including aluminium against corrosion. The NHon has no direct action either. However, some
ammonium salts develop an acid hydrolysis, which lsacome detrimental when the buffering power is
lost.

3. 3. XPS Surface analyses

In recent years, surface analytical instru-menta(i®PS, AES, Rutherford Backscat-tering...) has been
used to provide data which have proved essentiahderstanding the corrosion inhibition mechanishie
systems which have been studied with those modehmiques and subsequently elucidated have recently
been reviewed [42]. In the present work, we hawsl 06PS and Auger Electron Spectroscopy to anahese t
layer formed at the surface of the Al-6060 heathargers at the atomic level. The samples (2 cnem)l

are analysed after immersion for 14 days at 88#at(treatment of ASTM-D1384 test) after carefusiriig.
Blank experiments have been carried out in deighizater and in the standard tap water. The XPS
spectrums obtained are shown in Figure 1(a, b).

Table VII. Influence of benzoate (mass loss in ugrm

Metal | Tap water + 1% INIBAL Deionized water + 1% INAB | Deionized water + 1% INIBAL | Deionized water + 184IBAL
+ ammonium benzoate + sodium benzoate
Copper 106 76 61 68
Solder 530 780 53 38
Brass 76 68 45 45
Steel 152 227 152 91
Cast iron 917 871 644 706
Aluminium 189 38 30* 38*
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Figure 1(a). XPS spectrum of Al-6060 in deionized water.

-25
UA

ol.

Ay

O 11 N
e!‘.
:.:g:r
s P.p
+ t 4 } 4 t + t :a.;-;:;--n.tu 4 l.l“i day t t i _I-_

-too1.d -8oo -Goo - oo -200 + 9

LA

Figure 1(b). XPS spectrum of Al-6060 in tap water.

One notices the characteristic peaks of Oxygenci@al Carbon, Phosphorus, Sulfur and Sodium.
Simultaneously, the aluminium peak (proeminent miodized water) has practically vanished. The
hyperfine structure of the peaks allows to concltidd the aluminium surface submitted to untredigd
water is covered by a layer of a minimum thicknes45 A formed by a mixture of pollutants (calcium,
sodium, carbonate, phosphate, sulfate) presenaierw

Particular attention has been paid to the roleesizbtriazole, benzoate and molybdate on the foomatf
the passivating layer. A solution of 0O, in deionized water leads to Al, Mo and O peaksir@wo the
energy difference of the oxygen bonding which cardetected by XPS, the method separates the oxygens
bound to Al in the Al oxide from those bound to MoMoO,>. The coating layer contains only 4% Mo
atoms, which shows that the absorption of molybdaigeak by itself in deionized water Figure 2@
the contrary, Figure 2b shows that when aluminisraubmitted to N#oO, dissolved in the standard tap
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water, strong peaks of Mo and Ca appear at thensepef the Al peak. The numerical treatment of the
peaks gives 11% Ca atoms and 18% Mo atoms.

The crystallographie examination of the CaMd&yer reveals a rather amorphous state. The gibjubnit
being very small and the precipitation rate vest,fao crystalline structure can grow. The layagherefore
uniform throughout the system, which is an advamtager other film forming agents like phosphate,
carbonate, sulfate and silicate. The later preatigdt in localized points, forming crystalline seedsch
then become bigger and bigger with the well-knowwease secondary effects. Even in the central igati
systems which are in principle close circuits, tbl amount of Cd ions cannot be neglected. Almost
inevitable further additions of fresh water letgbarystalline deposits to again build up.

The detailed structure of the oxygen peak is giveRigure 3. A single peak is observed in wateihwib
molybdate. When molybdate is used with deionizedewaone observes a complex structure with
aluminium and a small peak due to molybdate. Whelyldate is added to tap water (containing 36 Thg.|
C&™), one observes the major peak of molybdate witihar structure for alumina.
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Figure2(a). XPS spectrum of Al-6060 in a solutiéiNe,MoO, in deionized water.
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Figure 2(b). XPS spectrum of Al-6060 in a solution of N&O, in tap water.
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Figure 3. Detailed XPS peak of oxygen on Al-6060.

Absence of aluminium peaks shows that the molybideiteloes not give a chemically protective filmtbe
aluminium surfaces. One obtains rather a physibesbcoating of CaMofwhich forms with C& ions of
the tap water.

The chemical composition of the exchanger surfagé the complete formulation of INIBAL at the
concentration of 1% is given in Figure 4. One regtithe simultaneous presence of Al and Mo. Thehdept
analysis allowed with the argon sputtering shovet the Mo atoms are embedded inside a tight film of

aluminium oxide which passivates the metal surfdde detailed analysis of the carbon peak (Figgre 5
shows two contributions :

- carbon bonded to nitrogen atoms (originating ftbmtolyltriazole derivative)
- aliphatic or aromatic carbon probably due to eridental contribution of the glassware grease.
A layer of 80 A has been removed by sputteringrifeoto separate the polluting agents. The C peaies

down to 27 atom %, the O and the Al peaks stronglyease by the same proportion to reach respéctive
53 and 19 atom %. Mo (0.3%) are still present waiteny peak of Mg is emerging.
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Figure 4. XPS spectrum of Al-6060 in a solution of 1% INIBAbtap water
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Figure 5. Detailed XPS peak of carbon on Al-6060. in sevgreeences

One can conclude that the visible coating layethenaluminium surface results from the passivagioger
of the inhibitor. It is a strongly adherent filmrfoed in presence of nitrate and reinforced by tlaedle and
molybdate com-pounds.

3.4. Practical experimentations and inhibitor Itfene

A sample of the circulating water is regularly exted from the sampling of 100 experimental houses
heated with a gas condensing boiler GEMINOX treatéth 1% INIBAL. In addition to the pH and
electrical conductivity which are found very stgbtme measures the concentration of the metallis io
(Aluminium, Copper, Iron) as well as the concembratof individual components of the inhibitor. An
increasing concentration of metals, particularly iAlthe circulating water might be expected asaanimg
sign of failure. On the results measured after Ighthis of normal utilization, one can note that some
aluminium appears almost immediately in the treatater at a concentration which soon stabilizesirzio

an average value of 0.6 mig.lAny value which would exceed 2 migavould then indicate some alarming
corrosion.

The measurements of the concentrations of the aepapmponents of the inhibitor have proved to be
extremely useful. The principle of this measure Wwasglo the quantitative analysis of the monopropgle
glycol and the benzotriazole by high resolutionQ(30Hz) NMR using aceton as internal calibrationisTh
measure is effectued quantitatively while addingha withdrawals a known quantity of acetone while
measuring the peaks integrated of the monopropygmel and the acetone on the spectrgrams obtdiped
the Nuclear Magnetic Resonance (Figure 6). A higtueacy is obtained even at a concentration of some
ppm as seen in Figure 7. This confirms the XPSistuevealing the powerful adsorption of the trlaego
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Figure 6. Measure of the concentration in inhibitor by higolution NMR.
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Figure 7. NMR spectrum of benzotriazole.
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The conclusion of this field survey is that one tnoet underestimate the depletion of the corrosion
inhibitors. This may become critical in the modsgstems where the ratio of the water volume totdked
metallic surface increases with the developmennofe and more efficient boilers and radiators dvel t
subsequent tube diameter reduction.

A central heating system offers all the possiblesea of corrosion : chemical corrosion due to patioe
of oxygen, acid or alkaline corrosion in given cemnitation and pH ranges, electrochemical corrogdignto
mixture of metals of different electrochemical putals, bacterian corrosion (with anaerobic baatertich
as desulphovibrio) and cavitation erosion-corrosibne common use is to take the tap water to H@l t
circuit. The tap water is submitted to a huge scatt the concentration of €aMg*, CI, SO, NO; and
other impurities, even inside the French territdrgiese very difference entail an increased comtylefi
the corrosion problems. In addition, the highlyhtealogical boilers and systems of the last genamatiso
lead to enhanced possible corrosion: the thickoéthe metallic walls of the heat exchangers hamnbe
thinned down, new materials like aluminium and fitatibing are more and more involved, the speed of
the circulating water has been increased with syatie use of pumps, the diameter of the pipesdaaed,
as is the total volume of the circulating water.
The subsequent increased danger of corrosion Haieghan increasing demand of corrosion inhibitors
However, the existence of so many different commérormulations shows that the ideal universal
corrosion inhibitor protecting all metals from aburces of corrosion in all circumstances is stillbe
discovered. A major difficulty lies in the choicd the tests to evaluate the inhibiting power of any
formulation. We have preferred to compromise theulte obtained from independent testing methods:
gravimetric, electrochemical, surface analysis afiéld study.
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Conclusion

The corrosion inhibitor INIBAL and inhibited antfeze liquids INIBAGEL and SANIBAGEL have been
formulated after different methods of testing. Thwst priority has been given to protection of the
aluminium alloys used in central heating systemaireg electrochemical, chemical and flow-induced
corrosion. Cavitation damage is caused by combimedhanical and chemical effects. It can provoke
catastrophic failures. Therefore action againssierecorrosion is essential. It is also a deligatgblem as
some components which are very efficient in somatiems can present catastrophic adverse effects in
presence of other components like in the exampteeo€ombination phosphate + molybdate [34].

The second most important point is a required loxicity in agreement with the French legislation floe
single exchange central heating.

The next priority has been given to the protectimn steel. The gravimetric tests as well as the
electrochemical measurements (not reported hewy #his to be reasonably well achieved, mainly ttue
anodic inhibiting properties.

In the meanwhile, copper and copper alloys arengareexcellent protection. Through this was noffittse
goal, the strong protection of copper and brassbeanonsidered as a valuable by-product. The @dy t
about the behavior of the solder is the gravimetnie, which also shows a very positive action.

Last, the results with and without inhibitor aldw® a significant protection of cast iron as coregawith
untreated tap water, despite the slight departora the ASTM-1384 allowable mass loss.
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