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In an attempt to protect steel fibre reinforcements from corrosion and improve their adherence to 
cement pastes, we deposited a zinc phosphate (ZnPh) conversion coating on the surface of the 
fibres. At the interfacial contact zones between the cement paste and ZnPh, alkali-induced 
dissolution caused the dissociation of abundant P043- ions from the ZnPh. The interaction of 
PO]- ions with Ca 2+ ions from the pastes led to the formation of hydroxyapatite and brushite in 
the vicinity of the dissolved ZnPh surface. Such intermediate calcium phosphate compounds 
played important roles in (1) improving the cement-fibre interfacial bonds, and (2) repairing the 
damage of the ZnPh surfaces dissolved by alkali. These processes protected the steel fibre from 
corrosion. 

1. I n t r o d u c t i o n  
Zinc phosphate (ZnPh) conversion coating is an inor- 
ganic crystalline coating that improves the adherent 
properties of carbon steel substrates and protects 
them against corrosion. We reported [1-3] that 
insoluble crystalline ZnPh coatings can be directly 
fabricated on a carbon steel surface by a dis- 
solution-recrystallization process, using zinc ortho- 
phosphate dihydrate, [-Zn3(PO4)2"2H20] as a 
starting material. The precipitated ZnPh not only 
reduces the corrosion rate of the steel, but also pro- 
vides an open surface topography that contributes to 
the strong mechanical interlocking bonds formed with 
the adhesive material. 

Using conventional zinc-coating technology in 
terms of galvanization, several investigators [-4-7] dis- 
cussed corrosion protection and the adherence of zinc- 
coated (galvanized) steel embedded in cement paste. 
They found that when the Zn-coated steel came into 
contact with a highly alkaline interstitial fluid within 
the paste, the coatings were dissolved by the attack of 
alkaline hydroxide ions, OH-.  This dissolution of the 
Zn coatings led to the formation of porous ZnO or to 
the precipitation of Zn(OH)2, which then was trans- 
formed into Ca[Zn(OH)z]z.2H20, thereby resulting 
in the corrosion of galvanized steel. From the view- 
point of adherence to the cement, such dissolu- 
tion-precipitation occurring at the coating-cement 
interfaces disrupted the interfacial bonds between the 
fibre and cement; this weakening was due mainly to 
the formation of a porous microstructure in the 
hydraulic cement adjacent to the Zn coating. 

It is not surprising that ZnPh conversion coatings 
are also susceptible to alkali dissolution. In fact, the 
dissolution behaviour of ZnPh in alkali metal hydrox- 

ides was investigated by Sommer and Leidhesior [-8] 
and ourselves [3]. We were agreed that the major 
ionic species that dissociates from the ZnPh coating at 
a pH of 13.0 is phosphate, PO]- ,  with zinc, Zn 2+, ion 
as a minor species. Thus, our particular interest lies in 
the dissolution of PO]-  ions, which are known to be 
one of the corrosion inhibitors of steel reinforcements 
in concrete [,9], at a similar pH within Portland 
cement paste [10]. Likewise, such reactive PO43- 
anions may react with calcium cations liberated from 
the cement grains in an aqueous medium, and sub- 
sequently form an insoluble calcium phosphate 
compound such as brushite, CaHPO4"2H20 or 
hydroxyapatite, Cas(POg)3(OH) [,11, 12]. We were 
interested to know whether the precipitation of these 
calcium phosphate compounds as an interfacial reac- 
tion product are active in the repair of damage at the 
dissolved ZnPh surface. 

We selected steel fibre reinforcements that would 
give a practical demonstration of the application of 
ZnPh conversion techniques. Assuming that the ZnPh 
layer deposited on the fibre surfaces would be dis- 
solved at the contact zone with the paste, our objective 
was to explain and explore the chemical and mechan- 
ical behaviour of the ZnPh conversion layer as an 
anticorrosive coating for steel fibre embedded in hy- 
draulic cement. We investigated the ability of ZnPh 
coating to protect steel fibres from corrosion, and 
examined the microstructure and mechanisms in- 
volved in bonding at the inteffacial regions between 
ZnPh and cement. The analytical tools used to obtain 
this information were scanning electron microscopy 
(SEM) coupled with energy dispersive X-ray spectro- 
metry (EDX), and X-ray photoelectron spectroscopy 
(XPS). 
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Figure 1 Scanning electron micrographs of (a) as-received steel fibre, and (b) ZnPh-treated fibre. 

2. Experimental procedure 
2.1. Materials 
Wave-shaped steel fibres with a circular cross-section 
of 1.0 mm diameter, were used in this study. Before 
treating them with zinc phosphate and embedding in 
cement paste, the fibre surfaces were wiped with 
acetone-soaked tissues to remove any surface con- 
taminants. The cement pastes were made from 
an ASTM Type 1 Portland cement with a water-to- 
cement ratio of 0.5. 

The formulation for the zinc phosphating liquid 
used was 0.46 wt % zinc orthophosphate dihydrate, 
0.91 wt % 85% H3PO4, and 98.63 wt % water. The 
ZnPh conversion coatings were prepared in the fol- 
lowing way. First, the surface-cleaned fibre was im- 
mersed for 5 min in the ZnPh convertible solution 
described above, at a temperature of 90 ~ After im- 
mersion, the fibre surface was rinsed with water, and 
then dried in an oven at 150~ for 10 min to remove 
any moisture. 

Next, single fibre pull-out specimens were prepared 
by embedding a 12.5 mm long fibre in cement pastes 
having a size of 25 mm wide by 37.5 mm long by 
12.5 mm thick. The fibre-embedded cement paste spe- 
cimens then were placed in water at 25 ~ for 3, 14, 
and 28 days. The resulting data on these specimens 
represent the average of three measurements. 

2.2. Measurements 
To gain information on the locus of interracial bond 
failure, the microstructure, and the chemical composi- 
tion at the critical interracial zone between the 
hydrated cement paste and the fibre, we explored 
both the surface of fibres that had been removed from 
the paste and the surface of the grooves left by the 
fibres after they had been pulled out. We used an 
AMR10nm scanning electron microscope (SEM) 
associated with TN-2000 energy-dispersion X-ray 
spectrometry (EDX), and X-ray photoelectron 
spectroscopy (XPS). 

Quantitative analyses were made of the corrosion 
products formed on the ZnPh-treated and untreated 
surfaces of steel fibres after exposure to a 3% NaCI 
solution at 25 ~ by measuring the binding energies 
and peak areas excited from XPS. 

An Instron TIMB testing machine, which advanced 

at a crosshead speed of 0.13 cm min- 1, was used for all 
the fibre pull-out tests. 

3. Results and discussion 
3.1. Microstructure of steel fibre surfaces 

treated with zinc phosphate and 
protection against corrosion 

Fig. 1 shows scanning electron micrographs for the 
as-received steel fibre (a) and zinc phosphate (ZnPh)- 
deposited fibre (b). It is apparent that the original 
smooth surface of the steel fibre was changed into 
a rough topographical feature by precipitating ZnPh 
crystals on the fibre. The high-resolution SEM and 
EDX spectra for the ZnPh-treated and untreated 
fibres are shown in Fig. 2. The typical surface mor- 
phology of an untreated fibre (Fig. 2a) exhibits numer- 
ous gutters ( ,-~ 5 jam wide) oriented along the fibre's 
axis. The accompanying EDX spectrum has an intense 
Fe signal and a weak peak of Ca; Ca is probably 
present as a contaminant. The gold element detected 
in the EDX spectrum is directly related to a gold film 
deposited on the SEM sample. The image of surface 
morphology for the ZnPh-treated fibre (Fig. 2b) ex- 
presses two distinguishable crystal features: one is that 
of plate-like crystals (b, 3), and the other is an agglom- 
eration of granular-shaped crystals (b, 2). From 
the EDX elemental analyses, the former could be 
associated with the zinc phosphate compound 
[Zn3(PO4)2"2H20] [3]. We interpret the latter as 
being iron-rich zinc phosphate compounds. 

One of the major contributions of crystalline ZnPh 
coatings is to serve as a barrier to protect the steel 
fibre from corrosive reactants. We evaluated this abil- 
ity by immersing the ZnPh-deposited steel fibre in an 
aerated 3% NaC1 solution at 25 ~ For comparison, 
the "as-received" fibres were also immersed in the 
same solution. Quantitative data on ferric rust were 
obtained using XPS which is very suitable for analys- 
ing surface chemicals. In this study, the internally 
generated C ls, Ols, Ca2p3/2, Fe2p (area of entire doub- 
let region), P2p, and Zn2p3//peak areas were used in 
obtaining the atomic fractions. 

Table I shows the changes in chemical composition 
of the surface of as-received steel fibres after different 
lengths of exposure. The principal element of the un- 
exposed surface was C, which probably belongs to the 
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TABLE I Changes in the chemical composition of the surface of 
steel fibres after exposure to 3% NaC1 at 25 ~ 

Exposure At % 
time 
(h) C 0 Ca Fe 

0 53.3 38.6 5.4 2.7 
1 56.0 39.0 1.4 3.6 
2 54.1 40.5 0.8 4.6 
5 50.4 41.5 0.0 8.1 

C species in the fibres made from the carbon steel, and 
to C contaminants adsorbed from the atmosphere. 
The secondary dominant element was O, while the 
concentration of Ca contaminants was 5.4%, about 
twice a s high as that of Fe. When the as-received fibres 
were exposed in the corrosive solutions, both the Fe 
and O elements became increasingly incorporated on 
to the surface of the fibre, whereas the concentration 
of Ca contaminants vanished within 5 h. The C atomic 
fraction varied in the range 50.4%-56.0%. This find- 
ing implies that the degree of coverage of the iron 
oxide compounds over the Ca-contaminated fibre sur- 
faces progressively increases with extending exposure. 
Because the only source of Fe is the steel fibre, the 

oxidized iron compounds precipitated on the fibre can 
be interpreted as the familiar red-brown ferric rust, 
such as FezO3-H20 and FeO(OH) [13]. In fact, the 
change of the fibre surfaces to a red-brown colour 
could be observed visually in 5 h exposed samples. An 
inspection of the features of the high-resolution Fezp 
doublet separation spectrum (Fig. 3) for the unex- 
posed and 5 h exposed samples strongly supported the 
findings described above. For all the XPS core level 
spectra, the scale of the binding energy (BE) was calib- 
rated with the C1; of the principal hydrocarbon-type 
carbon peak fixed at 285.0 eV as an internal reference 
standard. A curve deconvolution technique was em- 
ployed to substantiate the information on the respect- 
ive chemical state from the high-resolution spectra of 
each element, and to determine the relative quantity of 
a particular chemical state. In Fig. 3, the Fe2p3/2 and 
Fe2pl/2 lines at 710.7 and 724.3 eV excited from the 
unexposed fibre surfaces were attributable to the Fe 
element in the hydrated ferric oxide, Fe203"H20 
[14]. This result directly reflected the fact that the 
as-received fibre surfaces have already been occupied 
by small amounts of ferric rust compounds. The con- 
siderable growth in peak intensity and area at the 
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Figure 2 (a, b) High-resolution SEM images coupled with EDX of (c) as-received fibre, and (d) ZnPh-deposited fibre. 
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Figure 3 High-resolution Fe2v separation XPS spectra for un- 
exposed and 5 h exposed as-received fibres in NaC1 solution. 
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same BE positions can be seen from the 5 h samples, 
suggesting that the fibre surface was significantly 
corroded during 5 h of exposure. 

On the basis of this information, we made a quantit- 
ative evaluation of elements for the ZnPh-treated fibre 
surfaces before and after exposure: Table II gives these 
data. For  the unexposed ZnPh surface, the quantitat- 
ive distributions of C, O, P, Zn, and Fe were 48.9%, 
41.6%, 3.1%, 2.2% and 4.2%, respectively. After expos- 
ure, the concentrations of Fe and C atoms tended to 
decrease with increased exposure, while the propor- 
tions of O, P, and Zn increased during exposures up to 
24h. The immersion of ZnPh-coated fibres in the 
NaC1 solution results in an extensive elimination of 
the Fe and C atoms at the outermost surface sites of 
the conversion coatings. However, we did not explore 
this further. Although it cannot be seen in any of our 
figures and tables, no increase in signal intensity was 
found at 710.7 and 724.3 eV in the Fe2p region of the 
24 h exposed ZnPh samples, that might reflect the 

T A B L E  II Changes in the chemical composition of the surface of 
ZnPh-treated steel fibres after exposure to 3% NaC1 at 25 ~ 

Exposure At % 
time 
(h) C O P Zn Fe 

0 48.9 41.6 3.1 2.2 4.2 
1 47.9 41.2 5.6 2.7 2.6 
2 45.5 41.2 8.0 3.7 1.6 
5 44.1 42.8 8.4 3,7 1.0 

24 43.4 43.6 8.0 3.5 1.5 



formation of ferric rust. Thus, the ZnPh coatings ap- 
pear to provide good corrosion protection to the steel 
fibres. 

3.2. Adhesion and interface between 
ZnPh-treated fibre and cement paste 

To investigate the adherence of ZnPh to the cement 
pastes, the bond strength at the fibre-cement inter- 
faces was determined from the pull-out load of a single 
fibre embedded in the cement matrix. The results, 
shown in Table III, are compiled as a function of the 
cement hydration ages at 25 ~ The pull-out behavi- 
our of both the ZnPh-treated and untreated fibres 
depended on the hydration ages of pastes; that is, the 
value of the tensile load of fibres in an aged cement 
was higher than that of a 3 day specimen. We verified 
that the surface of the ZnPh-deposited fibre adhered 
well, improving bond strength by 40% over that of 
untreated fibres. This result suggests that the ZnPh 
precipitated on the steel fibre promotes strong inter- 
facial bonding at the fibre-cement boundaries. 

Because one of our research objectives was to 
understand better the adhesion mechanism and the 
structure contributing to the strong bond, we focused 
on microstructure development, chemical composi- 
tion and state in the fibre-cement interfacial regions of 
the 28 day aged specimens. These factors were invest- 
igated with the combined analytical techniques of 
SEM with EDX, and XPS. 

For the SEM-EDX studies, the removed fibre was 
first washed in deionized water to eliminate any un- 
bound cement paste from the surface, and then dried 
at 110 ~ for 24 h. Fig. 4 shows the SEM-EDX obser- 
vation of the as-received fibre after pull-out. Most of 
the fibre's surface was devoid of massive cement hy- 

TABLE III Pull-out load of untreated and ZnPh-treated fibres 
embedded in aged cement pastes 

Age of cement Pull-out load 
(days) (N) 

Untreated fibre 3 236 
14 250 
28 275 

ZnPh-treated fibre 3 331 
14 356 
28 380 

dration products, and only locally adhering paste par- 
ticles could be seen on close inspection (Fig. 4b). The 
EDX spectrum of an agglomerate particle, denoted 
as area 4, is representative of the enrichment of Ca 
as the dominant chemical constituent, suggesting that 
the enriched Ca element may come from either the 
formation of CaCO3, or Ca(OH)z , or both. The 
SEM-EDX inspections of a groove in the paste, cre- 
ated by the fibre being pulled away from the cement 
matrices, are shown in Fig. 5. The scanning electron 
micrograph of the groove wall, marked as site 7, shows 
the dense lining morphology of the packed cement 
pastes; the features of the EDX spectrum accompany- 
ing the micrograph were similar to those from the 
pull-out fibre surface described above (Fig. 4). The 
latter result suggests that the chemical composition 
of the groove surface consists of the CaCO3 and 
Ca(OH)z. Site 8, located at a distance of ~ 100 gm 
from the edge of groove, was ascertained from EDX 
analysis to be the CaO-SiO/-HzO system of the 
cement matrix, because it showed a lower peak-count 
ratio of Ca/Si compared with that of site 7. However, 
an important question that remains is which one of 
two Ca-based compounds, CaCO3 and Ca(OH)z, 
preferentially precipitates on the steel fibres during the 
induction period of cement hydration? Explorative 
work to answer this question was performed using 
XPS high-resolution techniques which can identify 
specific chemical compounds and states formed in 
surface layers up to 0.5 nm thick. With this technique, 
it is possible to find a near-monolayer of Ca com- 
pounds precipitated on fibre surfaces at atomic levels. 
The samples for XPS examination were prepared by 
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Figure 4 SEM-EDX analysis of as-received fibre surface removed 
from 28 day aged cement pastes. 
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Figure 5 SEM-EDX inspection of a groove area underneath a 
steel fibre. 

immersing the fibres in centrifugally extracted Type 1 
cement aqueous solution. This cement solution was 
made by adding 50 g Type 1 cement to 25 ml de- 
ionized water. After mixing for 30 min at 25 ~ the 
cement suspension phase was extracted by centrifugal 
separation, and then the extracted aqueous phase was 
filtered. The Ca ion content of the filtered cement 
solutions having a pH value of 13 was determined by 
atomic absorption spectrophotometry; the resultant 
concentration of Ca was 2.4 I.tmol 1-1. 

Fig. 6 shows the changes in the spectrum of Ca2p3/2 
core level as a function of the immersion times up to 
2 h. The spectrum of the fibre surface exposed for 
30 min exhibits three resolvable peaks, consisting of 
two major peaks at 347.4 and 346.9 eV, and an ap- 
preciable shoulder signal at 347.7 eV. One of the 
major lines at 347.4 eV can be ascribed to Ca in the 
contaminated compounds, and the other clearly re- 
veals the Ca in CaCO3 formations [15]. The shoulder 
at 347.7 eV is due to Ca in Ca(OH)2 formations. This 
finding strongly demonstrated that the amount of 
Ca(OH)2 precipitated on the fibre's surface is very 
small compared with the amount of CaCO3. The 
magnitude in intensity of both the CaCO3 and 
Ca(OH)2 calcium peaks significantly increases be- 
tween exposure times of 30 min and 1 h, whereas the 
Ca contaminant peak vanishes after immersion for 
1 h. This result implies that the Ca contaminants were 
completely covered with the mixed Ca-based com- 
pounds consisting of CaCO3 as a major phase and 
Ca(OH)2 as a minor one. As a result, we believe that 
when Ca 2 § ions released from the hydrated cement 
grains reach the fibre surface, they preferentially react 
with CO 2- ,  reactants in the cement solutions, and 
then form CaCO3. The conversion rates to CaCO3 of 
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C a  2 + in the vicinity of the fibre surface appear to be 
much higher than the rate of Ca to Ca(OH)2 trans- 
formations. Further extending the exposure time to 
2 h results in an increase in the extent of precipitation 
of the Ca(OH)2 signal intensity at 347.7 eV. By con- 
trast, the line intensity at 346.9 eV drastically dimin- 
ishes, thereby suggesting that the Ca(OH)2 layer 
covers the underlying CaCO3 phases during 2 h  
exposures. 

As is well documented [16], steel surfaces are com- 
monly overlaid by a passive film which provides in- 
herent protection against corrosion. The passive film 
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Figure 6 Ca2p3/2 region for steel fibres immersed in cement solu- 
tion. 
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Figure 7 SEM-EDX images of the surface of a pulled-out ZnPh-treated fibre. 

is very stable at high pH. However, a drop in pH 
results in the removal of the passive film, and so the 
steel corrodes. Hence, although the pH of cement 
paste is high, preferential depositions of CaCO3 on 
surfaces of the steel fibres may reduce the pH value in 
the vicinity of the fibres [17]. The decrease in pH 
consequently results in the corrosion of the fibres. 

Based upon our knowledge of the untreated 
fibre-cement interracial regions, considerable atten- 
tion was paid to the critical interracial zone between 
the ZnPh-treated steel fibre and the 28 day aged 
cement paste. Fig. 7 shows the SEM image with the 
EDX elemental analysis for the ZnPh-treated fibre 
surface removed from the cement matrix. The micro- 
structure clearly indicated that the tensile failure of the 
fibre-cement bond occurs both at the interface and in 
the bulk of the cement paste, leaving the hydration 
products adhering to ZnPh surface, and thereby sug- 
gesting that there was a good interfacial bond. From 
the EDX spectrum taken at site 5, the massive cement 
hydrates, composed of agglomerated plate-like crys- 
tals, seem to be associated with the CaO-S iO2-H/O 
system of the hydraulic cement matrices. In contrast, 
there was no sign of the presence of remaining massive 
cement pastes at site 6. EDX examination of this area 
revealed that Ca was the dominant element, and Si, P, 
Fe, and Zn were minor ones, implying that the ZnPh 
coating was covered with Ca-based compound layers 
of a certain thickness. Because EDX is used to detect 
surface solid layers up to ~ 2 gm thick, we estimated 
that the thickness of the covered Ca compound layers 
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was no more than 2 gm. The surface of the groove 
after the treated fibre was pulled away was also sub- 
jected to SEM-EDX inspection (Fig. 8). The topo- 
graphical image of the groove denoted as site 9 
disclosed that the microtexture of the compacted paste 
is similar to that from site 7 in Fig. 5. Although the 
intensity of the peak signal on the EDX spectrum of 
site 9 is weak, the spectrum particularly indicated 
the presence of an appreciable amount of P element. 
The detection of such an element on the sides of the 
grooves suggests that there is a migration of elemental 
P from the ZnPh coatings into the cement matrix. 
This migration seems to be associated with the dis- 
solution of crystalline coatings caused by the attack of 
a high pH interstitial fluid in the vicinity of the cement 
pastes. Assuming that alkali dissolution of ZnPh coat- 
ings occurs at a critical contact zone, it is worthwhile 
to explore the chemical behaviour of the ionic species 
dissociated from the coating surfaces. Our emphasis 
was on investigating the reactivity of the dissociated 
ionic species with the cement pastes, and then to 
identify the interaction products formed at the contact 
zones of the ZnPh-hydraulic cement. Inevitably, at- 
tention was paid to evaluating the protection against 
corrosion afforded by the reaction products acting as 
barriers to reactants in the environment. 

XPS was used to obtain all this information. The 
samples for the XPS studies were prepared by soaking 
the ZnPh-treated fibres in filtered Type 1 cement solu- 
tions at pH 13.0. The soaked fibres then were rinsed 
with a deionized water, and dried at 110 ~ for 20 h. 
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Table IV shows the changes in elemental composition 
of ZnPh-deposited fibre surfaces as a function of expos- 
ure times. As discussed earlier, we already knew that 
the dissociation rate of PO 3- ions is much higher than 
that of Zn 2 § when the ZnPh was exposed to N a O H  
solutions. This difference was reflected directly in 
the XPS quantitative data. Thus, the proportion of 
P atoms at the surface increased markedly during 
a soaking period of 2 h; beyond this time, the propor- 
tion seems to decrease. A similar trend, with the excep- 
tion of a continuous increase in atomic concentration 
after exposure for 2 h, was observed from the Ca 
element. In contrast, the concentration of Zn and Fe 
atoms significantly dropped in the first 30 min expos- 
ure. These data demonstrated that the principal reac- 
tion products formed at the critical interfacial zones 
between the cement solution and the dissolved ZnPh 
were likely to be associated with the calcium phos- 
phate compounds  continually precipitated on the 
alkali-damaged ZnPh surfaces. However, further 
exposure up to 5 h seemed to slow down the rate of 
precipitation, implying that severe alkali-dissolution 
of ZnPh no longer occurs. 

Next, the XPS study focused on the identification of 
the insoluble calcium phosphate compound phases 
precipitated on the fibre surface over the 5 h expos- 
ures. Other papers [11, 12] have suggested that 
hydroxyapatite, [Cas(PO4)3(OH)], and brushite, 
(CaHPO4"2H20) may be formed. However, there are 
no reports of high-resolution XPS studies of such 

TABLE IV Surface composition of ZnPh-coated steel fibre as 
a function of exposure time to cement solution at pH 13 

Exposure At % 
time 
(h) P C Ca 0 Fe Zn 

0 3.1 48.9 0.0 41.6 4.2 2.2 
0.5 3.9 51.7 2.8 40.7 0.4 0.5 
1.0 4.2 40.9 3.8 49.7 0.8 0.6 
2.0 5.1 41.3 4.8 47.1 0.6 0.7 
5.0 3.3 43.6 5.7 46.0 0.7 0.7 
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Figure 8 SEM-EDX of a groove area underneath a ZnPh-depos- 
ited steel fibre. 
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compounds. Thus, we used these compounds of chem- 
ical reagent grades (supplied by Alfa), as reference 
compounds in our attempt to identify the BE of the 
precise peak positions in the Pzp and Ca2p3/2 regions. 
The peak positions from the P2p and Cazp3/2 spectra 
of the reference compounds were: 133.6 eV in Pzp and 
347.7 eV in Cazp3/2 regions for Cas(PO4)3(OH), and 
134.4 eV in P2p and 348.7 eV in Ca2p3/2 core levels for 
CaHPO4"2H20. 

XPS spectra of the Pap region from these sample 
surfaces are illustrated in Fig. 9. The signal from the 
ZnPh-treated fibre before soaking could be resolved 
into two Gaussian components at 135.3 and 133.0 eV 
peaks. The former peak, corresponding to the prin- 
cipal component, is assignable to the P in the conver- 
sion coatings; the assignment of the shoulder peak at 
133.0 eV has not been resolved. An additional phos- 
phate compound is clearly introduced into the ZnPh 
surfaces after immersion for 30 min; the spectrum then 
shows a prominent peak at 133.7 eV, reflecting the 
formation of this new phosphate compound. By com- 
parison with the peak position differences of the refer- 
ence compounds, we confirmed that the major 
contributor to this new peak was P in hydroxyapatite. 
Extended immersion times to 1 h led to the formation 
of another phosphate compound, recognized by the 
peak signal emerging at 134.5 eV. According to the 
reference peaks, this new signal may be due to the P in 
the brushite formations. Further, the doublet signal 
feature of a 1 h aged spectrum revealed the presence of 
two major phosphate compounds, Cas(PO4)3(OH) 
and CaHPO4'2H20. An attenuation of signal intens- 
ity at 135.3 eV, originating from the P in the conver- 
sion coatings, suggested that the hybrid formations of 
these Ca phosphate compounds as the reaction prod- 
ucts of the interfacial reactions between the Ca ions 
from the hydraulic cement and the PO 3- ions from 
the conversion coatings, are precipitated on the Outer 
surface of coatings after a 1 h exposure. In other 
words, the damaged areas of coatings caused by alkali 
dissolution might be repaired by the precipitations of 
these reaction products. The spectra from the 2 h 
exposed sample surfaces suggests that further pro- 
longed exposure leads to a conspicuous growth of 

signal intensity at 134.5 eV, and to a decay of the 
hydroxyapatite peak at 133.7 eV. We think that this 
represents the interaction of Ca ions with the abund- 
ant PO 3- ions that dissociate from the coatings in the 
first 30 rain exposure and preferentially cause the 
formation of hydroxyapatite, rather than of brushite 
at the dissolved ZnPh surfaces. Once the precipitation 
of hydroxyapatite on ZnPh commences, it prohibits 
further dissociation of PO 3- ions. Thus, a lower con- 
centration of PO 3- in the vicinity of the hydroxyapa- 
tite-precipitated ZnPh surfaces leads to the formation 
of brushite as a principal phase in extended periods of 
exposure. 

To verify this hypothesis, we inspected the Ca2p3/Z 
core level region for these samples (Fig. 10). The spec- 
trum from the sample surface after 30 min immersion 
consists mainly of an intense signal at 347.7 eV and 
a weak line at 348.7 eV. The former peak as a major 
phase corresponds to Ca in the hydroxyapatite forma- 
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Figure 10 Changes in the Ca2p3/2 peaks of ZnPh-treated fibre 
surfaces after exposure to a cement solution. 

tons, and the latter reveals the presence of brushite as 
a minor phase. As expected, prolongation of exposure 
resulted in a pronounced increase in a signal intensity 
at 348.7 eV, while the peak at 347.7 eV decays. 

The XPS data clearly showed that the precipitation 
rates of hydroxyapatite to brushite depend on the 
concentrations of dissociated PO 3- ions at the 
cement solution-ZnPh interfacial contact. For short 
exposures, the extent of alkali dissolution of ZnPh 
is predicted to be very high, so that the diffusion of 
a large amount of PO 3- ion into the cement fluids 
promotes the precipitation of hydroxyapatite with 
three PO4 components in the molecular structure. 
Assuming that the hydroxyapatite layer precipitated 
on the dissolved ZnPh acts as a barrier to alkali 
reactants, then further dissolution of the coatings can 
be reduced. Hence, the reduced liberation of PO 3- 
ions, which occurs during prolonged exposure, sub- 
stantially induces the formation of brushite, with one 
PO4, on top of the hydroxyapatite layers. We believe 
that such a dissolution interaction mechanism 
occurring at the fibre-cement contact zones plays an 
important role in forming the intermediate cross- 
linking structure which may serve to rejoin the fibre 
with the cement paste. 

An important question still remains that concerns 
the ability of such Ca-based compounds to protect the 
steel fibre from corrosion. To estimate this protection, 
both ZnPh-treated and untreated fibres were immer- 
sed in a filtrated cement solution for 5 h, and then 
exposed to an aerated 3.0% NaC1 solution for up to 

2871 



o 
r 
t= 

U 

o 

100 

10-1 

10-; 
0 

I I I I 

2 5 10 20 

Exposure t ime (h) 

Figure 11 Changes in Fe /Ca  ratio with NaCI exposure times for the 
( 0 )  ZnPh-treated and ((3) untreated steel fibre surfaces after expos- 
ure to cement solution for 5 h. 

24 h. After 5 h in cement, the "as-received" steel fibre 
surface was coated with mixed formations of Ca (OH)E 
and CaCO3, and the surface of the ZnPh coating 
had some coverage with hybrid calcium phosphate 
compound layers consisting of Cas(PO4)3(OH) and 
CaHPO4"2HzO. XPS elemental quantitative analyses 
were carried out on the corrosion-induced chemical 
changes. Two elements were selected for analysis, Fe 
which is assignable to the formation of ferric rust 
compounds, and Ca that reflects the Ca-based anti- 
corrosive layers. Because an increase in Fe concentra- 
tion in samples exposed to NaC1 solution reflects an 
increased amount of rust products, and enhancement 
of corrosion rates, the variations in Fe to Ca atomic 
ratio were investigated as a function of NaC1 exposure 
times (Fig. 11). The data indicate that the multi-pro- 
tective layers, consisting of the Cas(PO4)a(OH) and 
CaHPO4"2H20 that are superimposed upon the dis- 
solved ZnPh layer, serve as a barrier to NaC1 reactant. 
Thus, the results show no significant changes in Fe/Ca 
ratio after 24 h, but, in contrast, the Fe/Ca ratio for 
the Ca(OH)2-CaCO3 composite layers precipitated 
on the as-received fibre markedly rise as exposure time 
is prolonged. This finding verified that the protective 
ability of such layers is very poor. In fact, the 
red-brown rust products can be seen on the fibre 
surfaces after exposures longer than 5 h. 

Therefore, the intermediate calcium phosphate 
compound layers formed by the interaction between 
Ca 2 + ions and PO 3- ions dissociated from the ZnPh 
not only contribute to an increase in the strength of 
the fibre-cement interfacial bonds, but also play an 
important role in repairing the areas of the damage in 
the anticorrosive ZnPh layers brought about by alkali 
dissolutions. 

4. C o n c l u s i o n  
A 150 ~ ZnPh layer deposited on the surface 
of steel fibres provided considerable protection 

against the corrosive attack of NaC1. When the ZnPh- 
deposited steel fibres were incorporated into cement 
pastes, the greater susceptibility of ZnPh to the alkali- 
induced dissolution resulted in the dissociation of 
abundant PO 3- ions at the critical interfacial zone 
between the ZnPh and the paste. These PO 3- ions 
chemically react with the nucleophilic Ca 2 § ions from 
the paste, and, subsequently, transform into hy- 
droxyapatite as the initial reaction product close to 
the cement alkali-dissolved ZnPh surface. The hy- 
droxyapatite layer probably prohibits further dissolu- 
tions of ZnPh, resulting in the secondary precipitation 
of brushite caused by a reducton in PO 3- dissolution. 
Such intermediate interaction products formed at the 
cement paste-ZnPh interfaces not only enhance the 
cement-fibre adhesive forces, but also play an import- 
ant role in repairing the alkali-damaged areas of 
ZnPh. The latter effect reflected directly on the cor- 
rosion protection of fibres. 

In contrast, the surfaces of as-received steel fibres 
which come into contact with cement pastes seem to 
be covered by the hybrid compounds of CaCO3 and 
Ca(OH)2 phases. However, these compounds have 
no significant effect in protecting the fibres against 
corrosion. 
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