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Alpha, beta, gamma, and delta hydroxyl ferric oxides (FeOOH), as the most common rust layers on iron surface, play different
roles in iron preservation. Using modern surface analysis technologies such as X-ray diffraction (XRD), infrared spectra (IR), X-
ray photoelectron spectroscopy (XPS), and scanning electron microscopy (SEM), we studied the interactions between these four
types of synthetic FeOOH and phosphoric and tannic acid of different concentrations and proportions. A 3% tannic acid + 10%
phosphoric acid + FeOOHwas themost suitable formula for rust stabilizer and its reaction productsweremade up of iron phosphate
and chelate of iron and tannin. This research provided technical basis in distinguishing FeOOH and selecting rust layer stabilizer
for the preservation of iron, especially iron cultural relics.

1. Introduction

Structure and composition of corrosion products on iron are
two important factors of causing its further corrosion, apart
from environmental factors, iron components, and defect and
inclusion in iron. There are two types of rust layers: a loose
outer rust layer and a dense inner rust layer. The former was
composed of 𝛼-FeOOH, 𝛾-FeOOH,magnetite (Fe

3
O
4
), H
2
O,

and amorphous ferric oxyhydroxide (FeOx(OH)
3−2x, x = 0-1),

while the latter was composed mainly of Fe
3
O
4
with a little

𝛼-FeOOH [1, 2]. The 𝛽-FeOOH is a typical product of FeCl
3

hydrolysis, whereas 𝛼-FeOOH is that of Fe(NO
3
)
3
hydrolysis

and under specific conditions these hydrolytic products may
transform to 𝛼-Fe

2
O
3
[3–5]. The 𝛿-FeOOH is a type of

amorphous hydroxyl oxide rust layer on ironmaterial surface
[6], forming a compact rust layer that enhances corrosion
resistance of the steel [7].

The underlying corrosion of carbon steel was dependent
on the inherent properties of the rust layers formed under
different conditions such as composition and structure with
𝛽-FeOOH exerting significant influence among all the iron
oxides [8]. In terms of reaction with Fe(OH)

2
to produce

Fe
3
O
4
, the following order was observed: 𝛽-FeOOH > 𝛼-

FeOOH≫ 𝛾-FeOOH [9].
Rust converters are chemical formulations that can be

applied to corroded surfaces causing their passivation and
elimination of possible further attack after the application of
a coating [10]. To reduce the effects of hydroxyl ferric oxide
on steel preservation, surface stabilizing treatment of rust
layer has been widely used in the steel anticorrosion field.
By employing a processing method of a chemical conversion
film, the hydroxyl oxide rust layer on the iron may undertake
a chemical conversion and form porous membrane bar-
rier with good ventilation property and water permeability
[11]. The excellent atmospheric corrosion resistance of the
phosphoric Dhar pillar iron was attributed to the formation
of a protective passive film on the surface [12]. Chemical
conversion film, as inoxidizing coating of metal, reduces
chemical activity of the metal and increases thermodynamic
stability of steel in environmental medium. In addition, the
surface productsmay also play a certain role inmetal isolation
from environmental medium. Chemical conversion films
such as thin layer, exquisite crystallization, and porosity, may
be combined with sealing materials. Accordingly, industrial
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anticorrosion methods provide research foundation for sur-
face stabilizing treatment of iron relics.

The chromate salt passivation treatmentmethod [13] is an
effective chemical conversion technology. In spite of a good
corrosion prevention effect, its use is limited by environmen-
tal regulations, due to high toxicity and carcinogenicity of
hexavalent chromium [14–16].

Phosphate covering by forming a phosphate film on
metals using phosphoric acid or zinc phosphate, manganese
phosphate, or iron phosphate solution possessesmany advan-
tages, such as anticorrosion, wear-resisting, antifriction,
increasing lubricity, and promoting base adhesion between
coating and metal [17]. Phosphorus processing, therefore, is
widely applied in processing steel parts, especially coating
layer process [18]. Separately, pretreatment of reinforced
steel surface with tannic acid based rust converter prior to
the application of zinc rich coating improved the corrosion
resistance appreciably [19, 20].

As one of metal surface treatment methods, tannins
have potential application prospects, with low toxicity, low
pollution, low usage volume, and even color with excellent
corrosion-resistant performance [21]. Tannins as corrosion
inhibitors were applied both in solvent and waterborne
pretreatment formulations [22]. These formulations could
be applied on partially rusted substrates, reducing the effort
needed for cleaning the surface by methods which proved to
be expensive and are not applicable in many situations [21].
Thus, combination of phosphoric acid and tannic acid may
provide a synergistic effect on corrosion resistance of iron
cultural relics.

In this study, X-ray diffraction (XRD), infrared spec-
troscopy (IR), X-ray photoelectron spectrometry (XPS), and
transmission electron microscopy (TEM) were used to char-
acterize the four types of FeOOH, as well as to investigate the
interactions betweenFeOOHandmixed solutions containing
different concentrations and proportions of phosphoric acid
and tannic acid in order to provide technical basis to distin-
guish these types of FeOOH and enable rust layer stabilizer
selection for preservation of steel, especially for iron cultural
relics.

2. Experimental Details

2.1. Preparation of 𝛼-, 𝛽-, 𝛾-, and 𝛿-FeOOH. Rust analyses
revealed the presence of crystalline magnetite (Fe

3−xO4), 𝛼-
Fe
2
O
3
(haematite), goethite (𝛼-FeOOH), lepidocrocite (𝛾-

FeOOH), akaganeite (𝛽-FeOOH), and amorphous 𝛿-FeOOH
phases [12]. Thus, the four FeOOH polymorphs were pre-
pared to investigate their effects on iron rust.

The 𝛼-FeOOH was prepared using a solution containing
40 g of FeSO

4
and 8 g of NaOH per liter of deionized (DI)

water. The temperature was adjusted to 50∘C and pH to 13
with 10wt% NaOH. The solution was fluxed with oxygen for
8 h.The precipitates were washedwith 10 portions of DI water
until the filtrate became neutral in pH before being dried at
100∘C.

The 𝛾-FeOOH was prepared using a solution made of
60 g of FeCl

2
⋅4H
2
O in 1 L of DI water. Meanwhile, 84 g of

urotropine and 21 g of NaNO
2
each were dissolved in 300mL

of DI water. After the FeCl
2
⋅4H
2
O solution was mixed with

urotropine solution, NaNO
2
was added into the mixture

under constant stir at room temperature. The mixture was
heated to 60∘C under constant stir for 3 h. The precipitates
were washed with hot water and dried at 60∘C.

The 𝛽-FeOOHwas prepared using a 0.2M FeCl
3
solution

heated to 60∘C for 5 h. Then, small quantities of 3.175mM
EDTA and ammonia were added. The precipitates were
washed with DI water until no Cl− was detected before being
dried at 70∘C for 24 h.

The 𝛿-FeOOHwas prepared using a solutionmade of 40 g
FeSO
4
and 8 g NaOH per liter of DI water. A 10wt% NaOH

solutionwas added dropwise till abundant brown precipitates
were formed at room temperature. Then, small quantities of
EDTA were added before the precipitates were filtered out.

2.2. Test on the Influence of 𝛽-FeOOH and 𝛾-FeOOH on
Iron Rusting. Archaize iron was used as the experimental
material. It had a composition of (wt%) 4.17%C, 0.59% Si,
0.32%Mn, 0.087% S, and 0.017%P. The samples were cut
into coupons each with a dimension of 15mm × 15mm ×
3mm. A corrosion cell with a dimension of 10mm ×
10mm × 0.5mm was cut in the middle (Figure 1). One
g synthetic 𝛽-FeOOH powder and one g synthetic 𝛾-
FeOOH powder were added into separate cells. The FeOOH
powder was pressed with a glass slide. A drop of each
of the following corrosion media was added to the cor-
responding cell each day Monday through Friday for 10
months: 0.01mol/LNO

3

−, 0.01mol/LCl−, 0.01mol/LHSO
4

−,
and 0.01mol/LCl−+0.01mol/LHSO

4

−. At the end of the
experiment the specimens were encapsulated into epoxy
resin. The resin was carefully ground till the rust layer and
iron clearly appeared. Observation of propagation of rust
under the influence of NO

3

−, Cl−, HSO
4

−, and Cl−+HSO
4

−

was made using scanning electron microscope (SEM).

2.3. Interactions between FeOOH and Phosphoric Acid/Tannic
Acid. To each test tube, 2 g of 𝛽-FeOOH, 𝛾-FeOOH, or 𝛿-
FeOOHwas added.Then, 20mL of tannic acid + phosphoric
acid solution of different concentrations was added (Table 1).
The tubes were sealed and shaken for varying amounts of
time and then were allowed left aside for a while to ensure
complete reaction inside. At the end of reaction, the products
were filtered, washed with DI water repeatedly, and dried at
50∘C.

2.4. Characterization of FeOOH. Phase identification was
conducted using an XRD-6000 X-ray diffractometer (Shi-
madzu, Japan)with aCuK𝛼 radiation (𝜆 = 1.5418 Å) at 40 kV
and 30mA, a scanning speed of 5∘/min, and a scan range of
3–90∘. FTIR spectra were acquired on a Bruker VECTOR 22
infrared spectrometer at a resolution of 2 cm−1 and a scan
range of 4000–400 cm−1 with a KBr pressing method. The
morphology of FeOOH was characterized by a TEM. Power
samples were added to anhydrous ethanol and ultrasonicated
for 30 minutes. A little drip of suspension was put onto a
copper mesh and dried naturally before TEM observation.
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Figure 1: Test device for the study of iron corrosion in the presence
of different types of FeOOH.

Table 1: The combinations of tannic acid/phosphoric acid (wt%).

Number Tannic acid/phosphoric acid Labeling
1 3% tannic acid + 10% phosphoric acid 3T-10P
2 3% tannic acid + 20% phosphoric acid 3T-20P
3 3% tannic acid + 30% phosphoric acid 3T-30P
4 5% tannic acid + 10% phosphoric acid 5T-10P
5 5% tannic acid + 20% phosphoric acid 5T-20P
6 5% tannic acid + 30% phosphoric acid 5T-30P

The elemental composition and valence state of elements
were investigated by XPS (British VG’s MCROLAB MK II
X-ray photoelectron spectroscopy). Magnesium was used as
X-ray photon source with a power of 160W. The energy
analyser was set at 50 eV. The focusing voltage was 3 kV. An
argon pressure of 1 × 10−4 Pa and a vacuum pressure of 0.5 ×
10−6 Pa were used for sputtering. The angle between Ar+ ions
sputtering gun and sample surfacewas 45∘. Scan started 5min
after Ar+ ions sputtering.

3. Results and Discussion

3.1. Microstructures and Structures of FeOOH. FTIR spectra
of the samples prepared in the present work showed typical
features of 𝛼-, 𝛽-, 𝛾-, and 𝛿-FeOOH (Figure 2). The FTIR
bands recorded at 1628 cm−1 were ascribed to the –OH
stretching vibration, whereas the bands at 883 and 795 cm−1
were ascribed to the –OH bending modes in 𝛼-FeOOH [23];
bands at 847 and 696 cm−1 were ascribed to the –OHbending
modes in 𝛽-FeOOH [24]; nearby bands at 1020 and 750 cm−1
were the bending vibration of –OHmodes in 𝛾-FeOOH [12];
and bands at 1120 and 975 cm−1 were the bending vibration of
OHmodes in 𝛿-FeOOH [25].The four types of FeOOHwere
also confirmed by XRD analyses (Figure 3). Under the TEM
observation, the𝛼-FeOOHwas granular,𝛽-FeOOHappeared
as rod-shaped, while 𝛾-FeOOH looked like fine needles, and
𝛿-FeOOH was irregularly cotton-like (Figure 4). Different
types of corrosion products would cause different degrees
of iron corrosion. As 𝛼-FeOOH is relatively stable, it may
attribute to nondetrimental rust. On the other hand, the club-
shaped 𝛽-FeOOH and fine needle-like 𝛾-FeOOH had loose
texture that could store large amounts of moisture, resulting
in more iron corrosion.
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Figure 2: FTIR spectra of different forms of FeOOH. e: 𝛼-FeOOH;
: 𝛽-FeOOH; ◼: 𝛾-FeOOH;X: 𝛿-FeOOH.

3.2. Influence of 𝛽-FeOOH and 𝛾-FeOOH on Corrosion of
Archaeological Iron. Corrosion morphologies of the surface
between cast iron and 𝛽-FeOOH or 𝛾-FeOOH under the
action of different ions NO

3

−, Cl−, HSO
4

−, and Cl−+HSO
4

−

were illustrated in Figure 5. FeOOH was sandwiched in
between epoxide resin on top and cast iron on bottom. The
boundaries were marked with white lines to help delineate
the rust surface.

The surface between 𝛾-FeOOH and cast iron varied
significantly with different types of ions. The surface was
relatively flat when NO

3

− was used (Figure 5(a)). Similar to
NO
3

−, a clear 𝛾-FeOOH layer could be seen under the action
of Cl− (Figure 5(c)). When HSO

4

− was added, the interface
became fuzzy (Figure 5(e)), indicating that HSO

4

− could lead
to more serious corrosion. The interface became more irreg-
ular under the influence of Cl−+HSO

4

− (Figure 5(g)). More
corrosion of the cast iron was observed, when the freshly
formed rust layer was connected to 𝛾-FeOOH layer. In the
presence of Cl− and SO

4

2−, green rust would form which had
little protection on iron and was just an intermediate Fe(II)-
Fe(III) hydroxyl-salt via which ferrous hydroxide Fe(OH)

2

usually oxidizes into different ferric oxyhydroxides [26].
The change in surface morphology of 𝛽-FeOOH was

similar to that of 𝛾-FeOOH. When NO
3

− was added, the
surface was relatively flat (Figure 5(b)).The surface corrosion
became more serious as the anion was changed from Cl− to
HSO
4

− (Figures 5(d) and 5(f)).When Cl−+HSO
4

− was acting
on 𝛽-FeOOH, corrosion of the interface was so serious that it
connected to the original 𝛽-FeOOH layers (Figure 5(h)).

The above observations showed that when either 𝛾-
FeOOH or 𝛽-FeOOH adhered to iron surface, it was unable
to prevent different anions from reaching the iron surface.
In another word, the two hydroxy-oxide rust layers were
not strong enough to provide a good protection and prevent
iron from further corrosion.With relatively loose textures, 𝛾-
FeOOH and 𝛽-FeOOH not only failed to stop anions from
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Figure 3: X-ray diffraction patterns of different forms of FeOOH.X: 𝛼-FeOOH; : 𝛽-FeOOH; e: 𝛾-FeOOH; ◼: 𝛿-FeOOH.

corroding the iron, but also became a storage area for anions
and moisture, resulting in strong adsorption. Meanwhile, it
slowed down the evaporation rate of moisture and extended
the corrosion cycle of moisture, thus promoting corrosive
ions acting on the cast iron.

Moreover, among the common anions in atmosphere
that would cause corrosion, NO

3

− had the weakest corrosion
power on cast iron. The corrosive power increased progres-
sively, following the order Cl−+HSO

4

−
>HSO

4
> Cl−. Under

the combined action of Cl− and HSO
4

−, the corrosion of cast
iron was much more serious than any other ions used alone,
indicating synergistic activities between Cl− and HSO

4

−. 𝛽-
FeOOH was produced exclusively in the presence of Cl− [27]
which had weaker iron protection and resulted in more iron

rusting. The corrosion product of cast iron in contact with
the FeCl

2
solution over 138 days was made up of three layers:

𝛼-FeOOH, Fe
3
O
4
, and a little 𝛽-FeOOH in the inner layer, 𝛾-

FeOOH in the middle layer, and 𝛼-FeOOH in the outer layer
[28].

3.3. Interactions between FeOOH and Different Combinations
of Phosphoric Acid/Tannic Acid. Different states and colors of
reaction products after filtrating, drying, and grinding were
documented in Table 2. The yellow powder and tannic acid
were identical in material phases and composition, suggest-
ing that the yellow powder was excess tannins. As tannic acid
dissolves 𝛾-FeOOH and higher concentrations of tannic acid
speeded up the dissolution [29], it is suggested that FeOOH



Advances in Materials Science and Engineering 5

𝛼-FeOOH

100nm

(a)

(a)

𝛽-FeOOH

100nm

(b)

(b)

𝛾-FeOOH

100nm

(c)

(c)

(d)

𝛿-FeOOH

100nm

(d)

Figure 4: TEM images of different forms of FeOOH.

Table 2: The state and color of reaction products.

Phosphoric acid/tannic acid 𝛽-FeOOH 𝛾-FeOOH 𝛿-FeOOH
3T-10P Gray powder Gray powder Gray powder
3T-20P Gray powder Yellow powder Less product, blue-gray
3T-30P Less product, beige Yellow powder Yellow powder
5T-10P Gray powder Blue-gray, yellow Blue-gray powder
5T-20P Gray powder Yellow powder Blue-gray powder
5T-30P Less product, beige Less product, blue-gray Yellow powder

was completely dissolved. Thus, these proportions were not
suitable as a choice of rust stabilizer formula, due to accumu-
lation of residual tannic acid after reaction. In addition, for
some combinations, the reaction products were very limited,
indicating that most of the FeOOH was dissolved under the
action of phosphoric acid/tannic acid. Only a small amount
of FeOOH was involved in chemical transformation. Thus,
these combinations were also undesirable for rust stabilizer
formula.

At the same time, according to protection standards of
cultural relics, protection materials must be close to original
artifacts to the maximum extent. Among the combinations
in Table 2, only the product of the 3T-10P, namely, 3% tannic
acid + 10% phosphoric acid and FeOOH, was gray, similar
to the color of steel materials, suggesting that 3% tannic
acid + 10% phosphoric acid was the most suitable formula
for rust stabilizer. Previous studies showed that conventional
anticorrosive paints or the painting schemes applied on steel
previously treatedwith a primer formulatedwith pine tannins
extend the duration of painting schemes more than 50%
relative to the case without this chemical treatment [30].

The XRD pattern of reaction products of 𝛽-, 𝛾-, and 𝛿-
FeOOH and 3T-10P was presented in Figure 6. A crystalline
phosphate was the major product and it matched the XRD
patterns of Fe

3
P
6
O
2
well. In contrast, the major constituents

of the scale onDelhi iron pillar were crystalline iron hydrogen
phosphate hydrate (FePO

4
⋅H
3
PO
4
⋅4H
2
O) as well as 𝛼-, 𝛾-,

and 𝛿-FeOOH and magnetite [30] or crystalline phosphate
Fe
2
(PO
4
)(OH) [7]. No phases related to tannic acid were

identified, suggesting that the transformation products of
tannic acid and FeOOH were amorphous.

The transformation products from the reaction of tannic
acid/phosphoric acid and FeOOHwere further characterized
by XPS. The reaction products between 𝛽-FeOOH and 3T-
10P were mainly Fe, C, P, and O (Figure 7). The binding
energy of Fe2p

3/2
was 712.42 eV, confirming the presence of

Fe3+ in the product.The binding energy of C1s can be decom-
posed to 285.07, 286.89, and 288.50 eV, with the former corre-
sponding to carbon and the combination of the latter two cor-
responding to standard spectral peaks of carboxide in tannic
acid.The binding energy of O1s was 531.95 eV, corresponding
toC–OH in tannic acid. In addition, the peak at 133.64 eVwas
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Figure 5: SEM images of rust powder/cast iron interface with the effects of NO
3

− ((a) and (b)); Cl− ((c) and (d)); HSO
4

− ((e) and (f)); and
Cl−+HSO

4

− ((g) and (h)).

originated from P2p, confirming the presence of phosphate.
The peaks of Fe2p

3/2
in Fe3+ generally lie between 710.20

and 711.05 eV. However, the binding energy of Fe2p
3/2

in this
study was 712.42 eV, resulting in a chemical shift of more
than 1 eV. Such a shift may suggest a change in chemical

environment of the elements, thus indicating formation of
a new chemical bond between Fe3+ and other substances.
Due to the presence of tannic acid, it may suggest the for-
mation of chelate between iron and tannin [31] as illustrated
in Scheme 1.
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Figure 7: XPS spectra of the products formed from the reaction of 𝛽-FeOOH and 3T-10P.
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Figure 8: XPS spectra of the products formed from the reaction of 𝛾-FeOOH and 3T-10P.
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Thus, it was speculated that the reaction products of 𝛽-
FeOOH and 3T-10P were made up of iron phosphate and
chelate of iron and tannin.

The results of XPS analyses of the reaction products
generated by 𝛾-FeOOHand 3T-10P and by 𝛿-FeOOHand 3T-
10P were illustrated in Figures 8 and 9. The composition of
these two products was similar to the reaction products of 𝛽-
FeOOH and 3T-10P, that is, was made mainly of Fe, C, P, and
O and having about the same peak positions. Therefore, the
reaction products were mainly made of iron phosphate and
chelate of iron and tannin.

The structures of iron phosphate and chelate of iron and
tannin are relatively stable. If acting as chemical conversion
layer, the cast iron may develop strong corrosion resistance
capacity. Meanwhile, the layer can enhance bonding between
the coating and the substrate. These favorable physical and
chemical properties could meet the need of coating and
sealing treatment for iron artifact. However, the mechanisms
of tannic acid/phosphoric acid rust conversion may need
further study.

4. Conclusions

(1) When cast iron was covered by 𝛽-FeOOH and 𝛾-
FeOOH corrosion, the rust layer was porous and not
tight enough to provide a good protection against
corrosion by NO

3

−, Cl−, HSO
4

−, and Cl−+HSO
4

−.
(2) Among common anions tested, NO

3

− had the weak-
est corrosive power on cast iron.The corrosion power
increased in the following sequence: Cl−, HSO

4

−, and
Cl−+HSO

4

−. Meanwhile, synergistic corrosion could
be enhanced when both Cl− andHSO

4

− were present.
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Figure 9: XPS spectra of the products formed from the reaction of 𝛿-FeOOH and 3T-10P.

(3) Analyses of the reaction products between FeOOH
and different combinations of phosphoric acid/tannic
acid showed that 3% tannic acid + 10% phosphoric
acid was the most suitable formula as rust stabilizer.

(4) The reaction products between𝛽-FeOOH, 𝛾-FeOOH,
or 𝛿-FeOOH and 3T-10P were made up of iron
phosphate and chelate of iron and tannin.
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(akaganéite) in chloride-containing environments,” Corrosion
Science, vol. 49, no. 2, pp. 844–857, 2007.

[28] Z. Wang, C. Xu, X. Cao, and B. Xu, “The Morphology, phase
composition and effect of corrosion product on simulated
archaeological iron,” Chinese Journal of Chemical Engineering,
vol. 15, no. 3, pp. 433–438, 2007.

[29] S. Nasrazadani, “The application of infrared spectroscopy to
a study of phosphoric and tannic acids interactions with
magnetite (Fe

3
O
4
), goethite (𝛼-FeOOH) and lepidocrocite (𝛾-

FeOOH),” Corrosion Science, vol. 39, no. 10-11, pp. 1845–1859,
1997.

[30] R. Balasubramaniam, “On the corrosion resistance of the Delhi
iron pillar,” Corrosion Science, vol. 42, no. 12, pp. 2103–2129,
2000.

[31] A.M. Al-Mayouf, “Inhibitors for chemical cleaning of iron with
tannic acid,” Desalination, vol. 121, no. 2, pp. 173–182, 1999.



Submit your manuscripts at
http://www.hindawi.com

Scientifica
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Corrosion
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Polymer Science
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Ceramics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Composites
Journal of

Nanoparticles
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International Journal of

Biomaterials

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Nanoscience
Journal of

Textiles
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Journal of

Nanotechnology
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Crystallography
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Coatings
Journal of

Advances in 

Materials Science and Engineering
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Smart Materials 
Research

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Metallurgy
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Materials
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

N
a
no

m
a
te
ri
a
ls

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal ofNanomaterials


