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Corrosion behaviour of steel in high alumina 
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The corrosion behaviour of embedded steel was related to the composition of the pore 
phase in equilibrium with the hydrated phases and the porosity of the high alumina cement 
mortars subsequent to curing at 5, 25 and 55~ The corrosion of reinforcements was 
evaluated by electrochemical techniques. The effect on corrosion of 3% by weight of 
cement of NaCI, added during the mixing process, and of the accelerated carbonation of 
mortars in CO2 atmosphere were also determined. The pH value and the chemical 
composition of pore fluid of plain high alumina cement (HAC) mortar cured at all three 
temperatures suggested that the embedded steel was in a passivated state. The resistance of 
HAC to carbonation and its greater potential for chloride binding by chloroaluminate 
formation are believed to make HAC inherently more protective to steel, relative to normal 
Portland cement, during ingress of chloride from external sources. High corrosion rates 
reported in literature for steel embedded in HAC may be attributable to bad practice, not to 
lack of passivity. 

1. Introduction 
Although structural uses of high alumina cement 
(HAC) are severely restricted, mainly due to loss of 
strength caused by conversion of hexagonal to cubic 
calcium aluminate hydrate and the associated increase 
of porosity, many structures remain and continue to 
give satisfactory service. The durability of HAC 
in the marine environment assures its continuing 
use; moreover, blends of HAC with slag appear to be 
resistant to conversion [1] and offer possible re-entry 
of HAC to the family of acceptable constructional 
materials. 

HAC concretes have lower pore solution pHs than 
those of equivalent Portland cement formulations, 
which might imply less corrosion protection to em- 
bedded steel. However, deleterious chloride may be 
better bound in HAC as Friedel's salt on account of 
the high aluminate content of HAC. Relatively little 
research exists on either this binding potential or on 
the corrosion behaviour of reinforcement in HAC 
[2, 3]. 

The aim of this work is to analyse the chemical and 
physical factors relevant to corrosion behaviour of 
steel in a HAC mortar, in particular the composition 
of the pore phase in equilibrium with the hydrated 
phases subsequent to curing at 5, 25 and 55 ~ as well 
as the porosity of the respective mortars. The effect of 
3% by weight of cement of NaC1, added during the 
mixing process, and of the accelerated carbonation of 
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mortars in a CO2 atmosphere were also studied. The 
chloride binding potential of the aluminates will be 
described in a subsequent publication. 

2. Experimental procedure 
2.1. Materials and procedure 
HAC with the oxide composition given in Table I 
was employed to prepare mortar  cylinders 42 mm 
diameter • 85 mm length for pore fluid expression 
studies. The cylinders had a water/cement (w/c) ratio 
of 0.6 and cement/sand ratio of 1 : 1. The high w/c ratio 
was chosen to accelerate reaction during subsequent 
carbonation and to facilitate collection of sufficient 
pore fluid for chemical analysis. 

Chloride additions were made by adding NaC1 to 
the mix water. 

The samples were demoulded within a few hours 
and thereafter moist cured at 5, 25 and 55 ~ After 14 
days cure, one set of samples was placed in a moist, 
100% CO2 atmosphere. 

Two identical, chemically-cleaned steel bars, 1 cm 
diameter and 8 cm long with an exposed area of 
17 cm 2, were embedded in the mortar  cylinders for 
corrosion studies. A saturated calomel electrode and 
a graphite bar were employed as reference and auxili- 
ary electrodes respectively. The minimum thickness of 
the cover was ca. 15 mm. 
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TABLE I Oxide composition of high alumina cement, wt% 

CaO SiOz A1203 Fe203 MgO SO 3 Na20 K20 

37.65 2.97 43 .49  15.43 0.58 0.09 0.20 0.06 

In order  to study the solid phases by X-ray diffrac- 
tion, a series of slabs of H A C  pastes were prepared and 
cured under  similar conditions. 

2.2. Techniques used 
Pore  fluid expression was done by hydraulically com- 
pressing mor t a r  cylinders, ca. 42 m m  diameter, in an 
alloy steel jacket; ca. 100 t of force were available. The 
expressed fluid was collected directly into sample 
vials, assisted by an N2 purge. The pore fluid was 
filtered th rough  a 0.45 gm membrane  filter and ana- 
lysed as soon as practicable thereafter. The aqueous 
p H  was measured both  with a pH  electrode and by 
ti tration with HC1 using both  methyl  orange and 
phenolphthale in  as indicators. Aqueous  Ca 2 § concen- 
trat ions were determined by a tomic  absorpt ion spec- 
trometry;  N a  +, K + and A13+ by a tomic  emission 
spectrometry and C I -  by titration. 

The polar izat ion resistance, Rp, was measured by 
plott ing a polarizat ion curve f rom - 10 to + 10 mV 
around  the corrosion potential,  E ..... using a sweep 
rate of  10 -4 Vs -~. The corrosion intensity was cal- 
culated by Stern and Geary 's  formula  [4] 

i . . . .  = B/Rp (1) 

where the constant  B is given by 

B = 13a13o/2.3(13a + 13o) 

where 13, and /3o are the Tafel slopes of  the cathodic 
and anodic processes respectively. A constant  B value 
of  26 mV was used when the bar was being actively 
cor roded  and 52 mV when passivated. 

X-ray diffraction and mercury  intrusion 
poros imetry  were carried out  with commercial  instru- 
ments; a Philips PW1740 diffractometer and Microm- 
eritics Pore  Sizer 9300, respectively. D T A / T G  
measurements  were carried out with a Netzsch simul- 
taneous thermal analyser, in nitrogen a tmosphere  at 
a heating rate of  5 ~ m i n -  1 from 0 to 1050 ~ 

3. Results 
3.1. Composition of solid phases 
A summary  of the phases identified by X-ray diffrac- 
tion in pastes corresponding to the mor t a r  cylinders 
of H A C  is presented in Tables II  and III.  F r o m  
these tables, and in agreement  with the literature, 
the calcium aluminate hydrate  mineralogy is 
temperature-dependent;  H A C  hydrates at 55~ 
to yield mainly the stable cubic aluminate, C3AH6, 
whereas at 25~ mixtures of hexagonal  hydrated  
aluminates, CAHx0 and C2AHs, are obtained. At 5 ~ 
CAH~o is the principal hydrate.  

Convers ion of  hexagonal  phases to the more  stable 
cubic phase occurs slowly at 25 ~ but not  at 5 ~ over 
the dura t ion of the experiments. However,  C1 added as 
sodium chloride to the mix water, combines with Ca 

TABLE II Summary of the phase development in HAC pastes (phase presented in order of decreasing proportion in the pastes) 

Phases found 

Sample Temperature (~ ~ 1 month cure ~4 months cure 

HAC 55 C3AH6; AHB; CC(t) C3AH6; Mc; AH3; CC(t) 
HAC 25 CAH~o; Mc; CzAH8(t); CC(t); C C3AH6; Mc(t); AH3(t) 
HAC1 5 CAH~o; CA; CC(t) CA; CAS; CC; CAH~o(t ) 
HAC + 3% NaC1 55 C3AH6; AH3; FS FS; CaAH6 
HAC + 3% NaCI 25 CAHIo; CA; CzAHs; FS C3AH6; FS; CAHlo(t) 
HAC + 3% NaC1 5 CAHto; CA; FS; Mc(t) CAHI0; CAS; FS; CC; CA(t); AH3(t ) 

AH3 = AI(OH)3; CA = CaAl20~; CAS = calcium aluminium silicate; CC ~ CaCO3; CAH~o = CaA12(OH)8"6H20; C2AH8 = Ca;Al2(OH)lo" 
3H20; CaAHe = Ca3A12(OH)I~; FS = Ca4AleOvCI2"12H20; MC = Ca4A1207CO3'l 1H20. 

TABLE III  Summary of the phase development in carbonated HAC pastes (phase presented in order ofdecreasing proportion in the pastes) 

Sample 

Phases found 

Temperature (~ 15 days initial cure + 15 days CO x 15 days initial cure + 3 months CO 2 

HAC 55 CC; AH3; C3AH6(t ) CC; AH3(t ) 
HAC 25 CAHlo; CC; CA(t); C2AH8(t); AH3(t ) CC 
HAC 5 CAHlo; CA; CC(t) CC; CAS; CAHlo(t); CA(t) 
HAC + 3% NaCI 55 AH3; CC; C3AH6; FS CC 
HAC + 3% NaCI 25 CC; CA; CAHlo; FS; AH3(t ) C3AH6; CAHlo; FS 
HAC + 3% NaC1 5 CAHlo; CA; CC; FS(t) CAHlo; CC; CAS; CA(t); AH3(t ) 

AH a = AI(OH)3; CA = CaA1204; CAS = calcium aluminium silicate; CC = CaCO3; CAHlo = CaAlz(OH)86HzO; CzAH 8 = Ca2A12(OH)lo 
3H20; C3AH 6 = Ca3A12(OH)tz; FS = Ca4A12OvC12.12H20; MC = Ca4A12OTCO3-11H20. 
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Figure ] Incremental and cumulative pore volume as a function of the mean pore entry diameter for HAC mortar after ~ 4 months of curing 
at (a) 5, (b) 25 and (c) 55 ~ and after 15 days initial cure and ~3  months carbonation at the same three temperatures (d f). 

and A1 as FriedeFs salt. Thus, the normal hydroxyalu- 
minates characteristic of HAC are partly replaced by the 
chloroaluminate. Friedel's salt itself is destroyed by 
carbonation, especially in 55 ~ cures. 

3.2.  M e r c u r y  i n t r u s i o n  p o r o s i m e t r y  
Fig. 1 gives dV, the incremental and cumulative pore 
volume (cm 3 g 1) as a function of the mean pore entry 
diameter (gm) for HAC mortar  cured at 5,25 and 
55 ~ and after three months carbonation at the same 
three temperatures. The incremental volume plots 
show that the pore size distribution is shifted to a pore 
regime of smaller entry diameters as a consequence. 
Thus at 25 ~ HAC shows a broad distribution with 

a significant maximum in the pore entry diameter 
close to 10-1 gm, whereas carbonated samples have 
this maximum displaced to between 10 -1 and 
10 .2 gm. Table IV presents the cumulative volume 
measured for the samples tested. The total porosity is, 
not unexpectedly, influenced by conversion and is 
greatest at 55 ~ However, carbonated samples, even 
those cured and carbonated at 55 ~ have porosities 
not significantly different to unconverted, uncarbon- 
ated mortars cured at 5 ~ 

3.3. Pore fluid analysis 
The results of pore fluid analyses from HAC mortar  
with and without 3% NaC1 addition after 21 23 days 
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TABLE IV Accessible porosity by mercury intrusion (maximum 
pressure, 2 GPa) 

Sample Temperature Cumulative volume 
(~ (cm 3 g -  t) 

HAC 55 0.19 

HAC 25 0.11 

HAC 5 0.06 

HAC + 3  months C O  2 55 0.07 

HAC + 3  months CO2 25 0 .09  

HAC + 3 months CO2 5 0.07 

of curing at 5, 25 and 55 ~ are presented in Table V. 
Despite the low alkali contents of HAC, relative to 
Portland cement, the pore fluids have high pHs, which 
are conditioned mainly by the aqueous N a  and K. 
Under these conditions alumina is also relatively sol- 
uble. Addition of 3 % NaC1 increases pore fluid chlor- 
ide contents, most  markedly at 55~ As will be 
shown, much of the chloride originally in the mix 
water is bound as Friedel's salt at 5 ~ Friedel's salt is 
stable at 25 and 55~ However, at 55~ in the 
presence of alkali, the amount  of Friedel's salt is 
greatly reduced. As a consequence, aqueous pore fluid 
chloride contents increase markedly at 55 ~ relative 
to either 5 or 25~ Pore fluid pHs increase with 
sodium chloride additions and this higher pH corre- 
lates with higher levels of soluble alumina. 

Table VI shows the pore fluid analyses after one and 
three months  of carbonation. The last two columns of 
Tables V and VI, 2 e q ( + )  mo l l  -1 and 2 e q ( - )  
m o l l - 1 ,  calculate mass-charge balances of  ions in 
solution. E e q ( -  ) * takes into consideration an es- 
timation of the O H -  bonded to A13 +, as in these cases 
it was not possible to titrate to a satisfactory end point 
with methyl orange. The overall charge balances are in 
reasonable agreement. The chemical mass balances 
can be subjected to further mathematical  analysis 
which is presented in the discussion. 

3.4. Differential thermal analysis and 
thermogravimetry 

Fig. 2 shows an example of the thermograms obtained 
in paste samples; Table VII presents a summary of the 
different events found for paste samples cured for ~ 4 
months  and for paste samples carbonated for ~ 3  
months.  This severe regime was generally very effec- 
tive in promoting carbonation, resulting in large 
amounts  of normal hydrates being converted to 
C a C O  3 and AI(OH)3, although exceptions were noted; 
some samples were remarkably resistant to carbonation. 

3 .5 .  C o r r o s i o n  rate  d e t e r m i n a t i o n  
The i .. . .  and g . . . .  values of  steel bars embedded in 
mortar of HAC with and without NaCI are shown in 
Fig. 3 and 4 for three cure temperatures. After three 
weeks, i . . . .  values are below 0.1 ~tA c m - 2  and E .... re- 
mains more positive than - 200 mV in plain mortars. 
These values indicate that the embedded steel is in 
a passive state. Higher cure temperatures enhance the 
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Figure 2 DTA and TG curves for HAC paste carbonated for ~3  
months at 55 ~ after 15 days of initial cure in 100% RH at 55 ~ 

corrosion rates although i .... values remain below 
0.1 gA cm-2  throughout the test duration at all tem- 
peratures�9 The measured corrosion rates correspond 
to an average material loss, expressed as equivalent 
thickness of steel, of 5.8 gm in 50 years. 

The results presented in Fig. 4 show that addition of 
3 % NaC1 to the mix water is not sufficient to promote  
severe pitting corrosion of steel embedded in HAC 
mortar  at 25~ Measured corrosion rates remain 
below 0.1 gA cm -2, although increased by approxi- 
mately one order of magnitude relative to those 
observed in mortars  in the equivalent condition but 
without NaC1 addition. When the cure temperature is 
decreased to 5 ~ measured i .... values are typically 
about  1 laA cm-2.  The highest corrosion rates are ob- 
served at 55 ~ at this temperature the i .... reaches 
about 5 gA c m -  2 Which corresponds to a material loss 
of ~ 3 mm in 50 years. The higher the values of cor- 
rosion rates, the more negative becomes the corrosion 
potential of embedded steel. 

Figs 5 and 6 show the time dependence of i .... and 
E .... values for steel bars embedded in HAC mortar,  
with and without NaC1, which have also been carbon- 
ated at 5, 25 and 55 ~ 

Fig. 5 shows that even after 3 months of carbona- 
tion at 5 and 25 ~ steel in HAC corrodes at rates 
below 0.1 gAcm -2 and E .... values remain more 
positive than - 2 0 0 i n V .  However, at 55~ the 
passivation state is destroyed and corrosion rates are 
significantly higher than 1 gA cm-2.  

When steel is embedded in carbonated mortar  for- 
mulated with 3% NaC1, corrosion rates are higher 
than in comparable mortars  without chloride, as 
shown in Fig. 6. In the case of simultaneous carbona- 
tion with chloride addition, the final corrosion rates 
measured at 5 and 25 ~ are about 0.3 gAcm-2 ;  this 
corresponds to a material loss of about  17.4 gm in 50 
years with a further order of magnitude increase at 
55 ~ These corrosion rates are broadly comparable 
to corrosion rates measured in Uncarbo~ated mortars  
with 3% chloride addition at 55 ~ 

4. Discussion 
4.1. Sol id phase 
In commercial calcium aluminate cements, CA and, if 
present C12A7, are the only phases t h a t  hydrate 
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T A B L E  VII  Thermogravimetric  and differential thermal anlaysis data from HAC cements 

Sample Temperature %CaCO3 wt on T ~ of peaks 
(~ ignited weight DTA 

~ 4  months  cure 
HAC 55 150, 295 
HAC 25 - 150, 260, 290 
HAC 5 3.1 130, 260, 710 
HAC + 3% NaC1 55 - 150,270, 300 
HAC + 3 % NaC1 25 - 130, 240-260, 300 
HAC + 3% NaC1 5 3.2 130, 160, 190,250,690 

15 d initial cure + ~ 3  months CO2 
HAC 55 39.8 260, 770 
HAC 25 19.8 260, 760 
HAC 5 22.7 260, 760 
HAC + 3 % NaC1 55 30.5 260, 760 
HAC + 3% NaC1 25 0 120, 160,200,250,295 
HAC + 3% NaC1 5 12.9 120, 180, 250, 730 

Peaks at T < 200~ may  be due to hexagonal  hydrated aluminates. 
Peak at ~ 3 0 0 ~  could be due to C3AH 6 or AH3 or both. 
Peak at ~ 2 4 0 - 2 6 0 ~  may  be due to F.S. 
Peak at ~ 760-760 ~ C is due t o CaCO3 decarbonation. The associated loss of weight has been used to evaluate the quanti ty of CaCO3 in the 
sample and its degree of carbonation; the calculated % CaCO3 is presented in the table. 
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significantly at early ages: C2S hydrates more slowly. 
The hydration of monocalcium aluminate has been 
studied extensively. It is generally observed that the 
hydrates formed depend on temperature: 

�9 at low temperatures below 15 ~ CAHlo is the main 
hydrate found 

�9 at temperatures between 15 and 30~ CAHlo oc- 
curs in mixtures with C2AH8 and AH3 gel. 

�9 at temperatures above 30 ~ C2AH8 and AH3 are 
formed together but convert rapidly at 30~ and 
very rapidly, if not simultaneously, above 45 ~ to 
mixtures of C3AH6 and gibbsite, AI(OH)3. 
Observations made in the course of the present 

study agree with those in the literature; the major 
hydrated aluminates, after initial cure, are CAHlo at 
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5~ mixtures of CAHlo and C2AH 8 at 25 ~ and 
C3AH6 with AH3 at 55~ The completion of hy- 
dration is slow; unhydrated CA still persists after 
4 months at 5 ~ The retardation of hydration at low 
temperature is more pronounced when chloride is 
present. NaC1 forms Friedel's salt and, although the 
amount of chloride added is insufficient to convert 
more than a fraction of the total aluminates to 
Friedel's salt, its formation apparently inhibits the 
overall hydration kinetics. 

The conversion of the remaining unstable hexa- 
gonal hydrated phases (CAHlo, C2AHs, etc.) to more 
stable cubic phase takes place in chloride-containing 
samples after 3 months of carbonation at 25 ~ This 
cylinder has a very low degree of carbonation; it has 
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practically zero CaCO3 on the ignited weight (see 
Table VII) and retains a pore fluid pH = 13.5 (see 
Table VI). Despite a high initial w/c ratio, it is very 
resistant to carbonation. 

The formation of crystalline gehlenite hydrate, 
C2ASHs, was also detected in samples kept at 5 ~ 
that is, in the sample which had the slowest hydration 
reaction rate for aluminates. Hence silicate is presum- 
ably able to contribute to space-filling of the hydrated 
paste matrix. This, in turn, is believed to retard the 
kinetics of subsequent carbonation at ~ 25 ~ 

The degree of carbonation tends to be highest fol- 
lowing elevated temperature cure: that is, in the more 
porous samples cured at 55 ~ However, low temper- 
ature cure can make the paste remarkably resistant to 
carbonation, even when formulated to a relatively 

high w/c ratio; even after 3 months in CO2, the bulk 
of a HAC + 3% NaC1 mortar remained essentially 
uncarbonated at 25 ~ 

4.2. Pore solution phase 
The kinetics of hydration of both HAC and monocal- 
cium aluminate, and the composition of the aqueous 
phase in equilibrium with the solid phase have been 
studied previously [5--8]. The composition of the 
aqueous solution obtained immediately after mixing 
tends to be controlled by the nearly congruent solubil- 
ity of CA, which typically produces an aqueous C/A 
ratio of 1.12 and pH of 11.56. Commercial cements 
reflect similar chemical balances during early 
hydration: during the induction period, the C/A ratio 
is typically ~0.95 and the pH ~11.5. The main 
changes in the composition of pore solutions takes 
place once the induction period ends; massive 
precipitation of hydrated aluminates occurs, alkalis 
are released from clinker phases and increasing 
aqueous Na and K contents markedly elevate the pH. 
In response to these changes, aqueous Ca 2§ 
concentrations decrease. 

The volume of the aqueous pore phase is of course 
not constant over hydration time but decreases pro- 
gressively as formation of the hydrated phases occurs. 
This decrease in the volume of the aqueous phase 
influences the concentrations of ionic species making 
it apparently impossible to establish the net move- 
ment of the ions between solid and liquid phases. 
To help solve this problem, a water concentration 
factor has been introduced [8]. This procedure was 
used in the present investigation for a few specimen 
calculations. 

When the anhydrous phases react with water the 
species present in solution in significant concentra- 
tions are Ca 2+ , AI(OH) 2, Na +, K +, OH-,  and CI-, if 
NaC1 has been added. Table VIII presents proof that 
the main speciation of aluminium in solution is 
AI(OH) 2. In this table, the ratio Z/A13+ is calculated 
from experimental results, Z being the difference be- 
tween the [OH-]  measured with phenolphthalein and 
methyl orange, that is the [OH-]  which is co-ordina- 
ted to aluminium in solution. This Z value is close to 
4, indicating A1 is co-ordinated by an average of 
4 OH-  in uncarbonated pore fluids. However, Z in- 
creases to values greater than 4.0 as the paste is pro- 
gressively carbonated. The increase is attributed to 
changes in aluminium co-ordination, perhaps to octa- 
hedral, in response to the lower pH developed as 
carbonation progresses. 

The pore fluid compositions from uncarbonated 
pastes analysed in the present work have been extrac- 
ted from samples cured for a t  least 21-23 days, by 
which time aqueous CaO/A1203 ratios are low (see 
Table IX). Progressive solubilization of cement alkalis 
strongly increases aqueous Na + and K + concentra- 
tions and pH; indeed, in common with Portland ce- 
ment and its blends the pH of the pore phase is 
dominated by the alkali concentrations [91. Table IX 
presents pH values calculated from experimentally 
determined Na § and K § concentrations, subtracting 

2 2 8 5  



TAB LE VIII Ratio Z/A13+ for pore fluids of HAC pastes. (Z being the difference between the [OH-] measured with phenophthalein and 
methyl orange, that is the [OH-] which is co-ordinated to aluminium in solution) 

Sample Temperature (~ ~ 1 month cure 15 days initial cure 
+ ~ 1 month CO2 

HAC 55 3.47 30.00 a 
HAC 25 4.30 9.50 
HAC 5 3.75 3.28 
HAC +3%NaC1 55 3.17 33.33 
HAC +3%NaC1 25 3.65 4.33 
HAC +3 %NaC1 5 3.19 4.02 

Sample contaminated with chloride. 

TABLE IX Pore fluid analyses and chemical balances in HAC cements cured under various conditions 

Sample Temperature pH~xp, pHa ..... Na+(M) K + (M) CaO/AlzO3 x 10 -3 
(oc) 

1 month cure 
HAC 55 13.04 12.87 0.039 0.036 1.7 
HAC 25 12.83 12.92 0.041 0.044 1.2 
HAC 5 12.95 12.82 0.034 0.033 1.4 
HAC + NaC1 55 13.44 13.07 0.038 0.079 0.1 
HAC +NaCI 25 14.00 14.09 1.198 0.049 0.0l 
HAC +NaCI 5 13.95 13.82 0.628 0.034 0.02 

15 days initial cure + ~ I month CO2 
HAC 55 12.17 12.36 0.006 0.017 415 
HAC 25 11.69 12.34 0.016 0.006 13 
HAC 5 12.27 12.32 0.016 0.005 1.2 
HAC +NaC1 55 8.08 C1- >Na § 0.035 36385 
HAC + NaC1 25 13.73 13,48 0.279 0.027 0.08 
HAC +NaC1 5 13.53 13.45 0.268 0.014 0.02 

4 months cure 
HAC 55 12.94 12.94 0.053 0.036 3.6 
HAC 25 12.99 12.98 0.056 0.040 4.3 
HAC 5 12.96 12.94 0.052 0.037 6 
HAC + NaC1 55 13.42 13.34 0.179 0.044 1.2 
HAC +NaC1 25 13,97 13.92 0.819 0.030 0.8 
HAC +NaC1 5 14.20 14.14 1.326 0.059 0.04 

15 days initial cure + ~ 3 m o n t h s  CO2 

HAC 55 < 8 CI- >Na + 0.010 64870 
HAC 25 11.70 12.04 0.008 0.003 18 
HAC 50 12.20 12.17 0.011 0.004 1150 
HAC +NaC1 55 11.30 - C1- >Na + 0.014 21 670 
HAC +NaC1 25 13.50 13.40 0.237 0.015 0.3 
HAC + NaC1 5 12.40 13.11 0.125 0.005 370 

from the total  N a  the equivalent  required to charge 

balance the chloride. Despi te  the potent ia l  for error  

inherent  in the procedure ,  general ly good  agreement  

between calculated and exper imenta l  pH  values are 

observed.  The  i so thermal  p H  of commerc ia l  H A C  

pore  fluids are thus de termined  pr imari ly  by the alkali  

content  of  the cement  and are independent  of the type 

of  hydra ted  a luminates  formed. In this study, the in- 

trinsic p H  of unca rbona ted  or lightly ca rbona ted  ma- 

trices is abou t  13 at all cure tempera tures  tested over  

the dura t ion  of the test. These condi t ions  are quite  

general  and do not  depend pr imar i ly  on the original  

w/c rat io and hence the a m o u n t  of pore  fluid, a l though 

the w/c rat io will have  a secondary  influence on the 

exact numer ica l  values. H a d  the cement  been made  to 
low w/c ratio, as good  pract ice demands ,  the observed 

pore  fluid alkali  concent ra t ions  would  be higher  than 

repor ted  here. 
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4.3. Stability of the solid phases 
The different hydrates  detected from X R D  data  

(C3AH6, C2AHs and CAH~o) are believed to reach 

a solubil i ty equi l ibr ium after one month.  Using the 

fol lowing solubil i ty p roduc t  expressions enables fur- 

ther calculat ions to be made  

C3AH6 ,~- 3Ca 2+ + 2Al (OH)4-  + O H -  

l ogK~  = - 2 2 . 3  

C2AH8 ~ 2Ca 2+ + 2 A I ( O H h -  + 2 O H -  

l o g K s  = - 1 3 . 8  

C A H l o  ~ Ca 2+ + 2AI(OH)4-  

l o g K s =  - 7 . 6  

The solubil i ty products ,  calculated from the experi- 

menta l  concent ra t ions  of ions present  in pore  phase, 



T A B L E  X P h a s e  s o l u b i l i t y  c a l c u l a t i o n s  f o r  H A C  c e m e n t s  c u r e d  u n d e r  v a r i o u s  c o n d i t i o n s  

S a m p l e  T e m p e r a t u r e  ( ~  1 (M) l o g  K s C 3 A H 6  l o g  K , C 2 A H s  l o g  K , C A H  10 

1 m o n t h  c u r e  

H A C  5 5  0 . 1 0 4  - 2 1 . 5  - - 

H A C  2 5  0 . 0 9 8  - - 1 4 . 4  - 7 . 4  

H A C  5 0 . 0 9 6  - - - 7 . 6  

H A C  + N a C 1  5 5  1 . 8 6 8  - 2 0 . 4  

H A C  + N a C 1  2 5  1 . 5 7 2  - - 1 2 . 4  - 6 . 5  

H A C  + N a C 1  5 1 . 2 3 1  - - - 6 . 7  

15  d a y s  i n i t i a l  c u r e  + ~ 1 m o n t h  C O 2  

H A C  5 5  0 , 1 2 0  - -  2 6 . 3  

H A C  2 5  0 . 0 1 5  - - 1 4 . 5  - 9 . 8  

H A C  5 0 , 0 2 8  - - 8 . 5  

H A C  + N a C 1  5 5  1 , 1 9 4  - 4 4 . 3  - 

H A C  + N a C 1  2 5  0 . 6 9 2  - - 6 . 8  

H A C  + N a C 1  5 0 . 5 0 4  - - - 8 . 2  

4 m o n t h s  c u r e  

H A C  5 5  0 . 0 9 9  - 2 1 . 4  - - 

H A C  2 5  0 . 1 2 1  - -  1 8 . 7  - - 6 . 8  

H A C  5 0 . 1 1 0  - - - 6 . 8  

H A C  + N a C 1  5 5  1 . 2 4 4  - 1 8 . 9  - - 

H A C  + N a C 1  2 5  1 . 1 4 9  - - 1 2 . 0  - 7 .1  

H A C  + N a C 1  5 2 . 1 1 9  - - 6.1 

15  d a y s  i n i t i a l  c u r e  + ~ 3  m o n t h s  C O 2  

H A C  5 5  0 . 2 8 4  - 3 8 . 8  - 

H A C  2 5  0 . 0 1 1  - - t 8 . 5  - 9 . 6  

H A C  5 0 . 0 1 7  - - - 9 , 4  

H A C  + N a C I  5 5  0 . 6 5 4  - 2 3 . 9  - - 

H A C  + N a C 1  2 5  0 . 6 2 1  - -  1 9 . 4  - 1 3 , 3  - 7 .1  

H A C  + N a C I  5 0 . 2 4 3  - - - 1 1 , 5  

are presented in Table X. Activity coefficients 7 have 
been calculated using the extended Debye-Hiickel 
expression 

log7 = --0.51zi 2 I ~ / ( I + I  s) + 0.2I (1) 

where z is the charge of the ion and I is the ionic 
strength of the solution. 

From the experimental log K~ values, it is deduced 
that pore fluids are broadly in thermodynamic equi- 
librium with the solid phases detected by XRD. How- 
ever, when the aqueous phase uptakes carbonate, pore 
solutions become undersaturated with respect to the 
normal solid hydrate phases i.e. they are calculated to 
become unstable. This is clearly confirmed by X-ray 
diffractograms in which hydrated calcium aluminate 
phases are no longer detected in fully carbonated 
regions. 

4.4. Binding of chloride and alkalis 
Addition of 3% of NaC1 to mix water produces 
a marked increase in pore fluid pH. This arises be- 
cause the cement solids bind chloride, leaving OH- as 
the only soluble species to charge balance the alkali. 
However, this pH increase is less important for sam- 
ples cured at 55 ~ because of the decreasing capacity 
of the paste to bind chloride decreases; as less chloride 
is bound, the charge on soluble alkalis is increasingly 
compensated by dissolved chloride, instead of OH-,  
with the result that the increase in pH is no longer 
proportional to the increase in alkali concentration. 

The potential capacity of HAC to fix C1- in the 
form of Friedel's salt has been reported previously [21. 
This compound is detected by X-ray diffraction in all 
samples containing chloride, although its relative 
amount does not correlate simply with the chloride 
concentration of the coexisting pore fluid, probably 
because a significant amount of chloride also 
substitutes for OH- in the hexagonal hydroxy AFm 
hydrates: Friedel's salt only appears after some thre- 
shold concentration necessary for its stabilization is 
exceeded. In fact, 3 % NaC1 is sufficient to stabilize at 
least some Friedel's salt in pastes at all temperatures 
although, as noted, samples cured at 55 ~ have higher 
concentrations of C1- in pore fluid because of the 
diminished amounts of Friedel's salt. The NaC1 con- 
centration added corresponds to an initial C1- con- 
centration of about 30000 p.p.m, in the mix water. 
Some of the liquid water is, of course, bound into 
hydrate product. If a water concentration factor of 3 is 
assumed [7, 8] and if all chlorides were to remain in 
the aqueous phase, its concentration in pore fluids 
would be expected to rise to ~90000 p.p.m. This is 
of course much higher than was measured 
experimentally; (see Table VI) the reduction in pore 
fluid concentration may, very roughly, be taken as a 
measure of the quantitative extent to which chloride 
binding occurs in cement paste solids. 

Finally it is important to point out that the pH 
value of HAC pore fluid phase is not necessarily less 
than that of a Portland cement. Although Portland 
cements typically have the higher alkali contents, their 
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solids-part icularly C - S - H - a l s o  have greater sorp- 
tion capacity for alkali, with the result that alkalis in 
HAC, which typically have low C - S - H  contents, con- 
centrate to a greater extent in pore fluid. However, 
HACs are likely to vary considerably in alkali binding 
potential insofar as their capacity to bind alkali is 
related to C - S - H  contents. Some HAC clinkers con- 
tain silica combined as C2S; these have the greatest 
capacity for C - S - H  formation and are likely to have 
the best capacity to 'bind alkalis into cement solids. 

4.5. Corrosion behaviour of steel embedded 
in HAC 

The corrosion rates of steel in HAC mortars in all the 
conditions tested are shown in Fig. 7. Corrosion data 
can also be correlated with other physical features of 
the paste, e.g. cumulative porosity and chemical fac- 
tors, and also extent of carbonation and free chloride. 
The data cannot embrace all conditions of exposure 
likely to be encountered in real situations, but are 
representative of the corrosion tendency of steel under 
a range of defined conditions. Results of porosity, 
degree of carbonation and chloride concentrations are 
also given. From this figure the following conclusions 
can be drawn: 

�9 For  plain HAC, the corrosion rate of steel depends 
mainly on paste porosity and temperature. Diffu- 
sion of oxygen may be the rate-controlling factor. 

�9 For  HAC with chloride addition, the steel corrosion 
rate is directly related to pore fluid chloride content; 
that is, the higher the chloride concentration, the 
higher the corrosion rates. However, chloride con- 
tents are significantly lowered by incorporation into 
the aluminates. In this respect, the chloride binding 
power of HAC exceeds that of OPC. 

�9 For  partially carbonated HAC matrices, the cor- 
rosion rate increases at > 30% CaCO3, at which 
point the pH value is lower than 12. 

In summary, steel embedded in HAC mortar  behaves 
normally and follows the general principles of cor- 
rosion science. For  mortar  without chloride addi- 
tion and with a pore fluid pH above 12.5, steel is in 
a passivated state and measured corrosion rates are 
<0.1  gAcm 2. 

4.6. Origin of chloride and initiation of 
corrosion 

Much discussion of corrosion behaviour centres about 
the source of corrosion initiators. In a realistic situ- 
ation, the concrete cover would be expected to have 
a low intrinsic chloride content, with chloride reach- 
ing embedded steel from an external source. On the 
other hand, experimenters generally add chloride to 
the paste, both to ensure reproducible experimental 
measurements and to accelerate the experiments. The 
question may be asked: do laboratory simulations 
adequately reflect practice? 

The presence of chloride tends to destroy the pas- 
sivation state of steel; a pitting corrosion regime devel- 
ops with the result that measured corrosion rates are 
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Figure 7 Final corrosion rates of steel in HAC mortar, porosity, 
degree of carbonation and chloride content of pore fluid in all the 
conditions tested. [] 5, [ ]  25, [] 55 ~ 

higher than 1 gA cm-2. However, the relevant chlor- 
ide ions are those which have reached the steel/cement 
interface. Solid phases of HAC pastes, by binding 
chloride ions, increase the effectiveness of cover 
concrete in protecting steel relative to OPC mixes, but 
even when chloride is present at the interface with 
steel, for example, in the HAC + 3% NaC1 sample, the 
steel still exhibits a low corrosion rate of 0.1 ~tA cm-  2. 
Although higher corrosion rates are measured for 
carbonated, chloride- containing samples, even these 
rates are not excessive. Moreover, good quality HAC 
mortar  can be. very resistant to carbonation. Perhaps 
reflecting these observations, no signs of cracking or 
physical distress were noted in any of the tests 
samples. It is therefore concluded that laboratory 
simulants do adequately reflect the behaviour of 
uncracked cover concrete but eliminate the need for 
a time-consuming diffusion stage. 

4.7. Behaviour of HAC in chemically- 
complex chloride solutions 

The present results show good dimensional stability 
and resistance to carbonation of NaCl-containing 
HAC formulations. This accords with decades of ex- 
perience. Clearly, however, there are limits of chloride 
concentrations and combinations of chloride with 
cations which may be inimical to HAC. For  example, 
Kurdowski and co-workers [10] describe the 
mineralogical and microstructural changes to high 
alumina cements immersed in NaCl-containing solu- 
tions containing 14, 195 and 240 g/1 for two years; 
other salts present were MgC12, KC1 and MgSO4. The 



paste cubes had generally good durability. However, 
the attacking aqueous phase was chemically complex 
and many of the dimensional changes and precipitated 
phases related to the presence of salts other than 
NaC1. For example, basic magnesium chlorides for- 
med even though the maximum MgC12 concentration 
of the brine was only 3 g 1-1 Thus it is important to 
extend the data to include a range of natural-water 
chemistries if a fuller understanding of the corrosion 
behaviour is to be Obtained. 

5. Conclusion 
Eventually, chloride will penetrate to the steel. When 
this occurs, experiments made by adding NaC1 to the 
mix water have relevance. Low corrosion rates are 
observed in the absence of ready access by oxygen to 
the paste-steel interface. 

The resistance of HAC to carbonation and its 
greater potential for chloride binding by chloro- 
aluminate formation are believed to make HAC 
inherently more protective to steel, relative to normal 
Portland cement, during ingress of chloride from 
external sources. 

High corrosion rates reported in the literature for 
steel embedded in HAC may be attributable to bad 
practice, not to lack of passivity. 
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