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1. Introduction

    Galvanizing is a process for rustproofing iron and 
steel by the application of a zinc coating. Three of the 
most widely-used processes for applying zinc to iron 
and steel are hot-dip galvanizing, electrogalvanizing 
and zinc spraying. Most products are coated using 
the hot-dip process. It involves immersing steel into 
a bath of molten zinc that is at a temperature close 
to 465°C (870°F) in order to form a metallurgically 
bonded zinc or zinc-iron alloy coating. This same hot-
dip immersion process is also used to produce other 
coatings such as zinc-aluminum alloys 1-4).
    Hot-dip galvanizing is known as the most common 
technique for the protection of steel sheets and struc-
tural sections from atmospheric corrosion although it 
can affect the forming characteristics of steels 5).
   The Zn–Fe binary system is shown in Fig. 1 6). 
Enough evidence is, however, available to show that 
the coated layer in the hot dip galvanized iron is not a 

single phase region; rather, it consists of several layers 
of various phases found in the Fe–Zn phase diagram, 
as shown schematically in Fig. 2. When subjected to 
shear force, this composite assembly of the phases is 
expected to behave in a substantially different way 
compared to the pure Fe–Zn system considered ear-
lier. In fact, the shear resistances at the interfaces be-
tween any two pair of phases are expected to vary sig-
nificantly as both their crystal structures and hardness 
values are known to be widely different 5,7). 

      Fig. 1. The Zn–Fe phase diagram 6).
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Fig. 2. Schematics of phases present in the zinc 
coated iron 5,7).

      However, zinc coating is a heterogeneous assembly 
of alloys and intermetallic compounds that have wide-
ly different mechanical properties. The characteristics 
of various phases in the coated layer are summarized 
in Table 1 5,7). Cracks formed during the cooling stage 
in the δ layer may or may not develop under service 
conditions 8). The aim of this paper was to show how 
crack formation and crack propagation could be mod-
eled and under which condition, the crack network 
could not lead to any detrimental consequences.

Table 1. Characteristics of Fe–Zn intermetallic phases 
5,7).

2. Experimental Procedure

    The chemical composition of low carbon steel sub-
strates used in this investigation is listed in Table 2. 
At first, the samples with the dimensions of 30×10×5 
mm3 were prepared and then the steels were polished 
and cleaned in alkaline solution for 15 minutes. This 
was followed by pickling in 50% HCl at 20ºC for 15 
minutes. Fluxing was accomplished by the immersion 
of the pickled steels in the ZnCl+NH3Cl solution at 
20 ºC for 5 minutes. Before this operation, the fluxed 
steels were heated at 140 ºC for 15 minutes. Hot dip 
galvanization was performed at 450 ºC in pure zinc 
bath for up to one month. Three series of the samples 
were selected after galvanizing: T1: without any heat 
treatment, T2: heat treatment for 2 hours at 350 ºC and 
T3: heat treatment for 8 hours at 350 ºC.

Table 2. Chemical composition of the low carbon 
steel(wt.%).

    The hardness testing of the intermetallic phases of 
Fe -Zn was performed with a standard Vickers dia-
mond pyramid indenter using loads from 5 to 2000 
gf. In order to avoid surface compressive stresses, 
the specimens were carefully polished by mechani-
cal grinding before the measurements of micro hard-
ness. In order to minimize the dispersion, the hardness 
measurements were systematically repeated up to 10 
times.

3. Results and Discussion
3.1. Microstructure of the coating

   The coating consisted of a series of Fe-Zn inter-
metallic layers. First, very thin layers of Γ and Γ1 in 
contact with the substrate were followed by a thicker 
compact δ phase  and then superimposed by a ζ layer 
which was covered by the equiaxed zinc η-phase.

3.2. Mechanical properties

    The hardness (HV) was found to be strongly depen-
dent on the load (P) used. The dependence of hardness 
on the reciprocal length of the diagonal was linear 
(Fig. 3).

Fig. 3. Vickers hardness as a function of the reciprocal 
indentation diagonal for T1 and T2 samples. Ho cor-
responds to the absolute hardness, and the slope, B, 
gives the dependence on the applied load.

    Two parameters, Ho and B, were necessary to de-
scribe the behavior of the material. Ho corresponded 
to the hardness obtained at the very high load (mac-
ro-hardness domain) and B gave the dependence on 
the applied loads. The large value found for B in this 
case could be associated with the presence of residual 
stresses 9,10). The decrease of B was observed when the 
sample was heat treated (T2) in order to relax the inter-
nal stresses. Among the experimental conditions, only 
the duration of treatment was found to influence the 
hardness. This influence was not related to the intrin-
sic hardness (Ho~285 kgf/cm2), which remained con-
stant, but it affected the value of B, thereby indicat-
ing the sensitivity to the applied load. This phenom

Characteristics η(Eta) ζ(Zeta) δ(Delta) Г(Gamma) Г(Gamma)

Stoichiometry Zn FeZn13 FeZn10 Fe5Zn21 Fe3Zn10
Crystal 

Structure
HCP Monoclinic Hexagonal FCC BCC

Melting Point 
(oC) 419 530 665 550 782

Substrate C Si Mn P S Al
Carbon steel 0.06 0.08 0.17 0.015 0.008 0.003
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enon might be related to the increase in homogene-
ity resulting from longer treatments. In other phases, 
the apparent hardness (for a 5 gf applied load) was 
reduced compared with that in δ:

HVδ= 340, HVζ= 112, HVFe= 150, HVzn= 70                     (1)

    It showed that δ phase was hard and very brittle. Mi-
crocracks were nucleated at the vicinity of the indent 
due to the sharp Vickers indenter, when the applied 
load was larger than a critical value, i.e., Po.
 Fig. 4 shows that surface radial cracks produced by 
indentation were significantly smaller in the annealed 
specimen than those in the as-cooled material. But 
the critical load necessary to initiate cracks was un-
changed by the heat treatment.

Fig. 4. Variations of crack length against the applied 
load for samples T1, T2 and T3 (the critical load, Po, 
which was necessary to initiate cracks, was constant).

   Surfaces cracks associated with Vickers indentation 
are now widely used to estimate the fracture tough-
ness of brittle materials 9,11-13). For carefully annealed 
specimens (T3), the values obtained varied from 1 to 
2 MPa√m.
 Fig. 5 shows the results obtained with the Evans and 
Charles formula 14).

Fig. 5. Vickers indentation toughness versus the ap-
plied load.

   The following value was chosen for the toughness: 
KIC

δ=2MPa√m . In the experimental range, from 25 
to 2000 gf for the applied load, the fracture toughness 

was nearly constant. On the contrary, for treatment 
T1, it could be seen that the apparent toughness was 
decreased as the applied load (then the crack length, 
c) was increased. The existence of a strong negative 
dependence of  KC versus 1∕√c over the load range and 
the independence of  KIC versus the applied load for 
the annealed specimen provided evidence for the ten-
sile nature of residual stresses.
   The determination of the residual stresses, σr, by 
means of indentation measurements has been pro-
posed by Marshall and Lawn 15). The apparent stress 
intensity factor, K, is considered to result from two 
contributions: Kα= Kc+Kr, where Kr is a function of σr:

                                                                                 (2)

   By using a value of 2MPa√m for KC, a residual stress 
of 240 MPa can be obtained from the slope of Ka ver-
sus √c 15).
   It is now well known that multilayers develop com-
plex residual stresses during the cooling stage depend-
ing on the difference in the thermal expansion behavior 
and the elastic and plastic properties of the component. 
Thick intermetallic delta, zeta and eta-phases were ob-
tained by galvanizing low carbon steels 16,17) from 1 to 
1.5 months. The thermal expansion coefficients αi of 
the "i" intermetallic compounds were then determined 
by a linear differential transducer in the temperature 
range 20-60 ºC. The heating rate was controlled to be 
less than 3-4 Kmin-1. The values obtained were:

                        ,                          ,                             (3)

    Approximately, a value twice larger was found for 
steel (11.3×10-6K-1) and the great difference observed 
suggested that hop-dip galvanized coatings developed 
substantial tensile thermal stresses during cooling. 
Such stresses could be easily visualized by the test de-
scribed in Fig. 6. It can be seen that specimens galva-
nized on one side were bowed towards the coated side 
during cooling. It followed that residual stresses were 
generated during cooling and not during the galvaniz-
ing process, and corresponded to a tensile stress field 
in the intermetallic compounds. This was also proved 
by acoustic emission. In other galvanizing conditions, 
the stress resulting from unbalanced mass diffusion 
and the cracking may occur during the galvanizing 
reaction.

Fig. 6. A simple way to characterize the residual 
stresses.

                   

2c r
cK Kα σ
π

= ±

6 121.8 10i Kδα − −= × 6 123.10 10i Kζα − −= ×
6 125.60 10i Kηα − −= ×
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    A rough idea of the maximum tensile stress may be 
obtained by considering a beam of a bimetallic strip 
built up of delta-phase and iron. By assuming that 
there is no sliding between the two materials during 
bending, the maximum tensile stress in delta-phase 
can be calculated by means of the Thimoshenko elas-
tic relation 18). In this way, we can obtain a maximum 
surface stress of 490 MPa.

3.2. Modeling

   Two clear observations were made: during cooling 
from reaction temperature to 20 ºC, an initial crack 
network, І, was developed in δ and the propagation 
direction was perpendicular to the α/δ interface (Fig. 
7b); under external tensile stress parallel to the α/δ 
interface, a second crack network, П, was developed 
from І, but it was inside δ and parallel to the α/δ in-
terface.

3.3.1. Formation of crack network І 

   The crack network І resulted from the relaxation 
of the tensile thermal stresses in the coating during 
cooling. Two clear observations were made: during 
cooling from reaction temperature to 20 ºC, an initial 
crack network, І, was developed in δ and the propaga-
tion direction was perpendicular to the α/δ interface 
(Fig. 7b); under external tensile stress parallel to the 
α/δ interface, a second crack network, П, was devel-
oped from І, but it was inside δ and parallel to the α/δ 
interface. The crack network І resulted from the relax-
ation of tensile thermal stresses in the coating during 
cooling.

Fig. 7.  During cooling, a crack network in the galva-
nizing coating was developed in the δ layer according 
to mode І propagation (7a and 7b). Under external 
stress, the propagation mode in δ became II (7c).

     The large difference between thermal expansion co-
efficients was the cause of these large thermal stress-
es. If the system had not undergone any stress at the 
galvanizing temperature, the large contraction of the 
compounds would have had higher α than Fe, thereby 
creating important tensile thermal stresses. If these 
thermal strains  σi

th could be accommodated elastically 
by different "i" layers separated interfaces, the stresses 
would be determined by the following equations:

                                                                                 (4)

    The experimental observations showed that except 
in δ, the thermal strains were accommodated plasti-
cally; therefore, Eq. (4) is reduced to:

                                                                                 (5)

   where σδ
th  could be neglected because of the large 

thickness of iron compared with that of the δ layer. In 
order to emphasize the two sources of thermal stress 
in δ, i.e., ∆T  and ∆a=αα -α δ , Eq. (5) is also written as 
follows:

                                                                                  (6)

   Because the dimensions of the surface to be galva-
nized were much larger than tδ , σδ

th  corresponded to 
circular plane stresses. The thermal strain in δ, about 
5×10-3, could not be relaxed plastically by this phase, 
which was very brittle as proved above. The crack net-
work І corresponded to cracks essentially propagat-
ing in mode І. Rather than a honeycomb shape, the 
crack network presented many right angles roughly 
corresponding to square cells with the length d. This 
orthogonal crack propagation was also consistent with 
plane stress: once a single crack was propagated along 
one direction, it became the principal axis of the stress 
field which then needed orthogonal cracks to be re-
laxed. Experimentally, the crack network І appeared 
to be square prismatic surface of the mean cell size d 
and the height tδ .The total crack length observed per 
surface unit S0 on a cross section of δ parallel to the 
α/δ interface could be represented by:

                                                                                 (7)

   The maximum thermal stress energy which is likely 
to be stored in δ is:
                                                                                  (8)

   where Eδ is the Young modulus of δ, and the factor 
1/2 disappears in accordance with the biaxial state of 
the stress field.
   According to the previous determination of residual 
stresses, if σδ

th given by Eq. (6) (≈400 MPa) is com-
pared with σδ

residual (≈300MPa) , only a fraction R≈ 0.5 
of this energy can be really relaxed by the cracks. We 
assume that propagation occurs under constant criti-
cal conditions with mean energy release rate GIc. An 
energy balance leads to 19,20):
                                                                                 (9)

   where g is a geometrical correction factor which is 
likely to take into account the plane stress and plane 
strain contributions to crack propagation. Eq. (9) can 
be used to calculated a value of the crack network size 
dc:

0
th
i

i st i i
i

T C t
E
σα σ∆ + = ∑ =

th
iT T

Eδ α
δ

σα α∆ + = ∆

th E Tδ δσ α= ∆ ∆

02SL
d

≈

2 2
max 0( ) ( )thW E T t Sδ δα= ∆ ∆

2 2
0gL ( ) ( )Ict G RS E T tδ δ δα= ∆ ∆
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                                                                               (10)

    Here, the calculated dc value corresponds to a maxi-
mum, because the cracks of network I are propagated 
across the whole thickness of the δ layer. If the propa-
gation could be limited up to a shorter depth a < tδ, 
the network would be denser and d < dc. The Young's 
modulus of δ has been estimated from a mixture rule 
between those of Fe and Zn, according to the estab-
lished applicability of this method for thermal expan-
sion coefficients. By assuming that the g factor was 
not too different from 1, and using the KIc=2MPa√m  
value, as determined above, we obtained a dc value of 
about 10μm, which agreed rather well with the experi-
mental observations. In addition, the experimentally 
observed d was found not to depend on the thickness 
of the δ layer, except when δ was very thin (≤5μm) . 
In that condition, cracks were not clearly seen. It also 
agreed with Eq. (10).

3.3.2. Formation of crack network II

   Under an external tensile stress σA, the mode I crack 
propagation is replaced by a mode II in δ of new 
cracks that originated from the former network I. As 
expected, the mode I crack propagation was stopped 
when arriving at the steel because of the large value of   
GIc

α in α iron. The mean mode II propagation distance 
parallel to the α/δ interface was Δ. Sometimes several 
(β) II type cracks branch from the same I crack: the 
mean branching rate is denoted by β. In almost all 
cases, the mode II propagation occurred inside the δ 
phases and not at the α/δ interface as expected from 
the results obtained in other materials. Clearly, the rea-
son for this lies in the atomic bonding between α and 
δ and its consequences on the plastic zone at the in-
terface, which also depend on the plastic deformation 
of the most ductile phase. The following relationship 
between the energy release rates for mode II propaga-
tion in δ, α/δ and α may be written:

                                                                                (11)

    If the atomic bonding between α and δ is broken by 
other phases (oxides, Γ…), the critical energy release 
rate GIIC

α/δ  must be replaced by a value well smaller 
than GIIC

δ , therefore leading to delamination along the 
α/δ interface. For galvanizing, this is usually observed 
in the case of poor chemical surface pretreatment. If a 
fraction RII of the maximum energy Wmax

a is given by:

                                                                                 (12)

is relaxed by the cracks propagating in δ and the fol-
lowing energy balance may be written:

                                                                                 (13)

    As observed, the mode II propagation under exter-
nal tensile stress σA can lead to the delamination of 
the coating. According to Eq. (13), the corresponding 
damage, D, defined for the fracture surface parallel to 
the interface (LS0-1Δ)  is given by:

                                                                               (14)

    Although the former relationship has not been pre-
cisely verified, the experimental observations have 
clearly shown that D is a growing function of the 
thickness of the δ layer, tδ, and of the externally ap-
plied energy, σA

2/2Eδ.
   The significance of the branching parameter β has 
to be considered in the context of continuum damage 
mechanics. It shows that in this case, as well as the 
toughening of the brittle systems, multiple cracking is 
less damaging than single crack propagation because 
in the former, the energy consumption is much larger 
than that in the latter.
   Because the Gc, as well as the KC criteria, corre-
spond, in fact, to the propagation of the cracks already 
formed in the material, there is the question of how 
cracks in δ are initiated. The most probable initiation 
process for cracks seems to be related to the morphol-
ogy of mode I.
    If only a stress criterion is considered for the crack 
formation and propagation, another equivalent de-
scription of the observed phenomena may be pro-
posed. In an elastic determination of stresses σel de-
veloped during cooling, we showed that three zones 
could be considered (Fig. 7).

Fig. 8. Qualitative variation of σth thermal stress aris-
ing from cooling.

   Z1 corresponds to the major part of the coating; ten-
sile stress varies nearly linearly with the depth. Z2 cor-
responds to the vicinity of the steel-coating interface; 
calculation of stresses is imprecise and it is shown that 
the neutral fiber corresponding to σel=0 is near the Γ 
phase. Z3 corresponds to the steel substrate; the stress 
field corresponds to weak compression. In the case of 
a hypo-sandelin coating for which the η, ζ and δ are 
clearly distinguished, Z1 corresponds to three domains 
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inside which the plastic flow stresses σp
η , σp

ζ and  σR
δ 

could be distinguished. By plotting qualitatively these 
stresses (Fig. 7), it is possible to show why cracks are 
formed at the upper part of δ, stopped in ζ and η and 
not propagated towards the substrate.
    It is clear that delamination of the coating is delayed 
or prevented by the ductility of η zinc on the external 
part and the ductility of steel at the interface with the 
substrate. Therefore, when this ductility is suppressed, 
this conclusion has to be reconsidered, especially if 
the experimental conditions favor the propagation of 
the plastic zone in the ductile phases or the embrittle-
ment  of the substrate, which is likely to promote inter-
or intra- granular cracking.

4. Conclusion

    Experimental determination of the mechanical prop-
erties of each of different intermetallic compounds 
constituting the galvanizing coating led to model the 
behavior of the whole assembly. The results demon-
strated that the phases present in the coating had dif-
ferent hardness values and that δ phase had a much 
higher hardness and smaller toughness value. Also, 
due to the differences in the thermal expansion coef-
ficients of the coating and the substrate, complex re-
sidual thermal stresses were developed in the coating. 
The high value of hardness and residual thermal strain 
in δ phase led to the formation of cracks in the coating, 
as confirmed by both experimental observations and 
modeling. In the modeling, it was observed that in δ 
phase, the cracks grew in two modes, I, perpendicular 
to the δ/α interface, and II, parallel to the δ/α interface. 
Due to the flexibility of other layers of the coating as 
well as the steel substrate, development of cracks in 
δ phase was stopped and delamination of the coating 
was delayed.
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