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Iron phosphate thin films have been obtained under controlled conditions by chemical conversion
deposition. The films were formed on polycrystallinea-iron by immersion in acetone, as an organic
solvent. After deposition, the films were investigated by x-ray photoelectron spectroscopy~XPS!
and their influence on the thermal oxidation ofa-iron was studied by means ofin situ low incidence
x-ray diffraction of synchrotron radiation. The study reveals interesting features related to the
structure of both the phosphate and thermal oxide films. The XPS data suggest the iron phosphate
to be constituted of long chains of phosphate groups PO4

32 ; these groups being interconnected by
Fe21 and Fe31 cations. X-ray diffraction measurements have shown a significant modification of
the oxidation behavior ofa-iron at 400 °C and atmospheric pressure, which is derived from the
presence of the thin film:a-Fe2O3 formation is clearly enhanced to the detriment of Fe3O4,
compared to the oxidation of pure iron in which Fe3O4 is the dominant phase. As the growth rate
of thea-Fe2O3 layer is significantly reduced compared to that of Fe3O4, thus the phosphated layers
may find niche applications in low-to-moderate temperature environments. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1579126#
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I. INTRODUCTION

In order to shield a metallic surface, an adherent a
insulating film must be applied. Research on conversion
ers has received a lot of attention in the last decades. Am
all conversion treatments, phosphate compounds have
the subject of various in-depth studies owing to their parti
lar characteristics. These include practical application1,2

such as electrical insulators and lubricators, decreasing
tion, wear, and cold deformation of metals as well as a
demic nature.3,4 However, most of the literature is concerne
with zinc or manganese phosphate coatings and very lim
literature is available on iron phosphate.5,6 The current lack
of information severely hinders the development of n
products and the effective application of existing products
new uses. The phosphating process involves dissolution
base metal in an acidic solution of soluble primary ph
phates, with the subsequent hydrolysis of these phosph
and the precipitation of insoluble tertiary phosphates co
ings. However, it is by no means certain whether these ph
phated materials are suitable for high temperature app
tions because few studies have been concerned with the
temperature resistance of phosphated materials.7,8 In particu-
lar, from an academic point of view, it is not known ho
such a phosphate layer will affect the iron oxidation mec
nism.

a!Author to whom correspondence should be addressed; electronic
jlgrouss@univ-lr.fr
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In this article, we report on a comprehensive study
iron phosphated thin films prepared following chemic
routes, and its influence on iron oxidation. After elaboratio
the films were investigated by x-ray photoelectron spectr
copy ~XPS!. Then, oxidation of such phosphated iron w
performed at 400 °C under atmospheric pressure of artifi
air. The growth of the oxide layers has been followedin situ
by low incidence x-ray diffraction~XRD! of synchrotron ra-
diation.

Typically, an aqueous solution is employed in the pho
phating process. However, it has been recently found
such a treatment performed in acetone as an organic solv
gives rise to a thin amorphous film of about 400 nm, whi
in turn, significantly increases the oxidation resistance
iron powders in the temperature range 300–700 °C.9 How-
ever, a thorough understanding of the mechanisms res
sible for the improvement of the oxidation resistance is s
lacking. Knowledge about the similarities and differences
tween oxidation of pure iron and of phosphated iron, in p
ticular with respect to the evolutions occurring in the oxi
layer, may lead to a better understanding of the improvem
of the oxidation properties by development of an oxide lay

II. EXPERIMENTAL PROCEDURE

The phosphated specimens were prepared from 1
thick sheets of polycrystallinea-Fe ~supplied by Goodfel-
low!, with a chemical purity of 99.5%. Details on the pho
phating process are given in Ref. 9.
il:
© 2003 American Institute of Physics
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Specimens used for XPS analysis were stored in a
sicator under dried nitrogen until being transferred into
UHV apparatus for surface analysis and immediately a
lyzed. XPS measurements were undertaken using a VG
CALAB 220 i-XL instrument, using a monochromate
Al Ka radiation source~150 mm spot! without coaxial
charge compensation. Data were acquired for the Fep
~700–740 eV!, P 2p ~124–140 eV!, O 1s ~528–540 eV!,
and C 1s ~276–294 eV! regions. Deconvolution of the spec
tra was performed by fitting the data with a Gaussi
Lorentzian combination peak shape with variation in pe
full width at half maximum~FWHM!, position and height
being determined by an iterative program. The peak iden
cation was determined by reference to an XPS data base10 or
from calibrated standards analyzed in the same apparatu
all cases, the spectra were charge referenced to a hydr
bon contamination C 1s peak at a binding energy~BE! of
284.5 eV and no sputter cleaning was applied. Indeed
transfer from higher to lower binding energy in the intens
in the Fe 2p peak as a function of sputtering has alrea
been observed, corresponding to partial reduction of i
oxides.11,12For example, McIntyre11 considers that bombard
ment of an Fe2O3 surface results in almost complete redu
tion to FeO. Sputtering of the surface is thus avoided in
study for the sake of accuracy.

The in situ oxidation tests were performed at the Fren
synchrotron radiation facility, L.U.R.E.~Orsay, France! on
the H10 beam line providing high x-ray beam intensity a
quality, as well as the large wavelength range accessibility
particular, it allows one to obtain diffraction peaks for e
tremely thin oxide layers and thus it provides information
the first oxidation stages. The high temperature x-ray diffr
tion ~XRD! equipment used in this study consists of a hi
temperature chamber with anV-setting goniometer equippe
with a position sensitive detector. The wavelength has b
fixed at 0.190 335 nm. It was also verified by rocking curv
that the growth oxide layers were not textured. In order
improve the XRD signal, all measurements were perform
under a fixed low incidence of 3°. It is worth noting th
whatever the oxidation time, the whole thickness of the
ide layers was checked becausea-Fe lines from the substrat
were always visible in the scans.

III. EXPERIMENTAL RESULTS

A. Chemical bonding in the phosphate films

Figures 1–3 show the XPS spectra and Table I rep
the deduced parameters for phosphateda-iron. The Fe 2p

FIG. 1. XPS analysis from phosphateda-iron indicating the chemical spe
cies composing the Fe 2p core level.
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spectrum can be fitted with four peaks~Fig. 1!. The respec-
tive binding energies fall at about 712.62 and 714.15 eV w
their respective satellites contributions at 716.09 and 718
eV providing contributions of 63.27% Fe21 and 36.73%
Fe31 in iron phosphate. These results are in agreement w
those of Browet al.,13 in which the Fe 2p binding energies
obtained for different iron phosphate glasses were also
composed into two separate components of the same en
range attributed to ferric and ferrous ions. These bind
energies values are greater than those reported for most
oxides but are in good agreement with those reported
oxidized iron phosphides. It also has to be noticed that
metallic component can be observed in the spectrum indi
ing its absence in the phosphate layer.

Only one component is present in the P 2p spectrum at
133.6 eV ~Fig. 2!, which is undoubtedly ascribed to iro
phosphate as previously observed on a steel substrate tr
with orthophosphoric acid14 and on iron phosphate glasses13

This indicates that the conversion layer contains phosph
groups with a PO4

32 structure.
It has been demonstrated15 that the O 1s spectrum for

both silicate and phosphate glasses can be used to disting
between an oxygen ion with a formal charge~P–O!, also
called nonbridging oxygen~NBO!, and those oxygen ions
with no formal charge~P–O–P!, which are known as the
bridging oxygens~BOs!. In the present study, this feature o
the O 1s electrons was used to gain information about t
nature of bonding in the conversion layer. In the oxyg
region two components are necessary to fit the spect
~Fig. 3!. The first peak component is centered at 531.08
and the second is located around 532.57 eV with their
spective contributions of 51.35% and 48.64%. These t
contributions, respectively, reflect nonbridging~P–O! and
bridging ~P–O–P! oxygen contribution. Indeed, the bindin

FIG. 2. XPS analysis from phosphateda-iron indicating the chemical spe
cies composing the P 2p core level.

FIG. 3. XPS analysis from phosphateda-iron indicating the chemical spe
cies composing the O 1s core level.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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TABLE I. Characteristic parameters of the Fe 2p, P 2p, and O 1s peaks deduced from the fitting procedure.

Fe 2p Fe 2p satellite Fe species P 2p P species O 1s O species

Phosphateda-iron
Energy~eV! 712.62 716.09 Iron phosphate Fe21 133.6 Iron phosphated 531.08 Nonbridging oxyge

in phosphate
Contribution~%! 63.27 100 51.35
Energy~eV! 714.15 718.43 Iron phosphate Fe31 532.57 Bridging oxygen

in phosphate
Contribution~%! 36.73 48.64
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energy of O 1s electrons in a–P–O–P–bond is higher than
that in a – PvO– or –P–O–Fe–bond.13–15 Moreover, the
splitting between these two contributions is 1.8 eV, in agr
ment with previously published values for numerous ph
phate glasses.13–15 It also has to be noticed that no pea
characteristic of oxide iron oxygen~Fe–O! is present around
530.0 eV which is, in turn, in agreement with the resu
providing from the Fe 2p region, confirming the absence o
metallic iron oxide in the surface layer. It means that all ir
cations are bound in the layer in phosphates and not as
iron oxides. Thus the two contributions in the Fe 2p region
cannot be considered independently of the phosphate gr
and correspond to either – Fe21 – O–P or – Fe31 – O–P
bonds.

From the above analysis it can be concluded that in
conversion layer formed on iron, some of the oxygen ato
~NBOs! are bonded viaP–O–Felinks and the remaining
~BOs! are bonded viaP–O–Plinks. In these BOs, one oxy
gen is shared by the two tetraedra forming two phosph
PO4

32 groups leading to a chain of phosphate groups, a
pyrophosphates or polyphosphates.16 According to this struc-
tural model and as the proportion of BOs is significant,
iron phosphate structure may be constituted of long and
merous chains of phosphates groups which are conne
with iron cations through – Fe21 – O–P or Fe31 – O–P bonds.

B. Structure of the oxide layers

The XRD patterns recorded on pure and phosphated
samples oxidized at 400 °C for 20 and 80 min are presen
in Fig. 4. It appears that both iron oxides magnetite~M;
Fe3O4) and hematite~H; a-Fe2O3) are present in the differ
ent diffractograms. Pure iron shows rapid nucleation a
growth of an oxide layer when exposed to air at 400 °C.
the other hand, the oxide layer grown on phosphated iro
thinner as the corresponding peaks exhibit weaker intens
for the same oxidation time. As a result, it seems that the
phosphate films provide a better oxidation resistance c
pared to pure iron, consistent with previous studies of
oxidation kinetics in phosphateda-iron.9 Careful examina-
tion of the spectra in Fig. 4 gives additional important info
mation for 80 min of oxidation: in purea-iron, the Fe3O4

~220! line is significantly higher than thea-Fe2O3 ~104! line,
whereas the inverse situation seems to occur in phosph
iron. It has to be outlined that this fact persists for oxidati
exposures longer than 80 min. It also has to be noticed
the phosphate layer was not visible by x ray diffraction ev
in the low incidence mode.
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From the in situ synchrotron diffraction study, a mor
detailed analysis of the spectra has been performed: ta
into account the theoretical non-normalized intensity
a-Fe2O3 and Fe3O4 and as the absorption coefficient and t
density are about the same for both oxides (ma-Fe2O3

5220 cm2/g and mFe3O4
5228 cm2/g, ra-Fe2O3

55.24 g/cm3

and rFe3O4
55.18 g/cm3), the a-Fe2O3 /Fe3O4 ratio can be

deduced by means of the following relation:

%a-Fe2O3

%Fe3O4

'
Ea-Fe2O3

EFe3O4

I Fe3O4

I a-Fe2O3

f Fe3O4

f a-Fe2O3

, ~1!

whereEa-Fe2O3
and EFe3O4

are the integrated intensity, an
I a-Fe2O3

and I Fe3O4
the theoretical non-normalized intensit

for, respectively, the hematite and the magnetite diffract
lines. f a-Fe2O3

and f Fe3O4
are defined as

f a-Fe2O3
5

sin~2ua-Fe2O3
2v!

sinv1sin~2ua-Fe2O3
2v!

,

~2!

f Fe3O4
5

sin~2uFe3O4
2v!

sinv1sin~2uFe3O4
2v!

,

whereua-Fe2O3
anduFe3O4

are the positions for, respectively
the hematite and the magnetite lines, andv is the low x-ray
incidence. From the experimentally measured positions

FIG. 4. Low incidence~3°! XRD patterns obtained after 20 and 80 min ofin
situ oxidation at 400 °C and atmospheric pressure for~—! purea-iron, and
~- - - -! phosphateda-iron. The 2u and corresponding crystal orientation o
the diffraction peaks are indicated.~N. B.: H refers toa-Fe2O3 and M to
Fe3O4).
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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the ~220! and ~222! Fe3O4, and ~104! a-Fe2O3 peaks, and
using the above relations we have determined average va
of the evolution of thea-Fe2O3 /Fe3O4 ratio during oxida-
tion. It appears that for the pure specimen@Fig. 5~a!#, Fe3O4

is the dominant phase whatever the oxidation time and
amount increases continuously with increasing oxidat
time. On the other hand, for phosphated iron@Fig. 5~b!#,
a-Fe2O3 is the dominant phase from the beginning of o
dation to the end. Consequently, the phosphate layer ind
an inversion of the phase ratio in the oxide layer. It is kno
that Fe3O4 supports a larger flux of rate controlling speci
and thus grows faster thana-Fe2O3.17 Indeed, iron and oxy-
gen self-diffusion coefficient ina-Fe2O3 are extremely low
and the two self-diffusion coefficients are of the same m
nitude (DO/a-Fe2O3

53.34310234 cm2/s and DFe/a-Fe2O3

52.96310234 cm2/s), compared with the iron self-diffusio
in magnetite (DFe/Fe3O4

51.94310222 cm2/s).17 Thus it
seems reliable to obtain a decrease in kinetics and th
thinner oxide layer on phosphated iron. So, in the pres
study the phosphate layer leads to the preferential growt
a-Fe2O3 during the oxidation process as is suggested by
present x-ray diffractogram.

To support this assumption, thinner iron phosphate fil
~,200 nm! were prepared and oxidized in the same con
tions as above, giving rise to the phases evolution show
Fig. 5~c!. a-Fe2O3 is again the dominant phase but for
given oxidation time its ratio is lower than for the 400 n
phosphate film. Thus it clearly appears that the iron ph
phate thin film is responsible for the enhanced growth
a-Fe2O3 in the oxide layer which modifies the iron oxida
tion mechanism.

According to the Fe–O phase diagram,18 wustite ~FeO!
formation on purea-Fe is only expected to occur at temper
tures higher than 570 °C. Moreover, provided that the oxy
partial pressure in the oxidizing gas is sufficiently high
allow the formation of hematite ~at 400 °C: pO2

'10218 Pa), the oxide layer is mainly constituted by

FIG. 5. Phases evolution percentage in the thermal oxide layer during
dation at 400 °C at atmospheric pressure for~a! pure a-iron, ~b! 400 nm
thick iron phosphate film, and~c! 200 nm thick iron phosphate film. As
a-Fe2O3 and Fe3O4 are the two main constituents of the oxide layer, t
total percentage of phases is equal to unity.
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Fe3O4 sublayer between the substrate and a minora-Fe2O3

outer layer in direct contact with the oxidizing atmosphere
is known that growth of Fe3O4 first occurs at the metal
a-Fe2O3 interface because the partial pressure of oxyg
decreases across the hematite oxide layer.

In the present work the development of Fe3O4 rapidly
occurs in the oxide layer grown on pure iron~being the
dominant phase after 20 min of oxidation!. On the other hand
for phosphateda-iron, a-Fe2O3 is the dominant phase dur
ing the whole oxidation process. A likely explanation can
described as follows: according to the XPS results, b
Fe21 and Fe31 cations constitute the phosphate layer. Th
Fe3O4 anda-Fe2O3 are susceptible to occur. However, upo
exposures at high temperatures, cracking of the chain m
mainly occur across the nonbridging oxygen, providing
oxygen rich environment. Thus upon oxidation a higherpO2

is found at the internal interface of phosphated samples
according to the redox reactions, much of Fe21 should be
oxidized to Fe31, giving rise to a higher ratio
a-Fe2O3 /Fe3O4 than in pure iron. Studies of Jutteet al.19

using similar experimental conditions but with a layer
FeOOH have shown an increase in the oxygen partial p
sure, giving rise also to a more enricheda-Fe2O3 scale.

IV. CONCLUSIONS

In summary, both XPS andin situ x-ray diffraction of
synchrotron radiation have been employed to study the c
stitution of metallic iron phosphate films and its influence
the thermal oxidation of pure iron. It has been demonstra
that the oxidation resistance ofa-iron can be increased b
the use of a phosphating treatment in an organic solvent.
results have shown that the conversion layer may be form
of chains of phosphate groups; these chains being inter
nected by divalent and trivalent iron cations. The oxidati
mechanism ofa-iron is sharply modified by the presence
such a phosphate film which promotes the slower format
of a-Fe2O3. Thus the thermal oxidation of iron is greatl
reduced which could be very promising for the high tempe
ture oxidation resistance of phosphated metallic pieces.
ditional studies on the evolution of the phosphate layer d
ing oxidation would be a plus to understand the influence
iron phosphate film parameters on the oxidation mechani
of a-iron. Moreover the oxidation temperature range sho
be enlarged.
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