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CEAPTER 3 GROIITB IIORPBOLOGY OF INTERMETATLIC PEASES

The experimental results obtained in this investigation on Galfanizing
are divided between three chapters, one each on morphology, structure and

composition. In this chapter, the details of the gro\dth morphology of the
intermetallic phases during Galfanizing are presented using scanning

eLectron micrographs. The dipping time and dipping: temperature are the two

most important considerations and will be discussed first. The effect of
quenching after hot dipping, the effect of silicon in the steel substrate
and the effect of silicon in the Galfan melt will then be discussed.

3.1 LO9I CARBON STEEL SI'BSTRATE DIPPED AT 450"C

3.1.1 Early Stages of Growth

Nucleation

The microstructures of the Galfanized coatings of low carbon steel hot

dipped at 450"C are shown in Fig. 3.1. $lhen the substrate is dipped for a

short time such as 16 seconds, ttre intermetallic does not form (Fig. 3.1a).
When the substrate is withdrawn from the bath, the motten Galfan solidi-
fies from the substrate surface outward as suggested by the presence of pro-

Fig. 3.1 Microstructures of
at 450"C for times

lightly etched

a.450"C, 16 s

Galfanized coatings of low carbon steel dipped

as indicated.
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lightly etched heavily etched

ftilHffi
i;'f,Fi

b. 450"C, 32 s

fightly etched

c. 450"C, 64 s

d. 450"c, l-28 s

Iightly etched heavily etched

rig.3.1 Cont.1
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lightly etched

Fig.3.1 Cont.2

e. 450"C, 256 s

heavily etched (higher magnification)

f . 450"C, 512 s

heavily etched (higher magnification)

S. 450"C, 1024 s

lightly etched

Iightly etched

heavilv etched
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magnification)

h. 450"C, 4096 s, 4? HF etched
Fig. 3.1 Cont. 3

eutectic zinc along the coating-substrate interface. The presence of the
pro-eutectic zinc along the interface suggests that the interface itself may

be rich in aluminium. If this is so, the aluminium content in the adjacent

Iiguid is lowered and therefore pro-eutectic zLnc forms first after the

withdrawal of the substrate from the melt. Caceres et aI (30) showed in
their compositional images that for short dipping times there is a thin
layer (<0.5 pm1 rich in aluminium and suggested that this layer inhibited
the intermetallic formation and growth.

However, the intermetalLic free interface is not maintained when hot

dipping continues for a longer period. At 450"C, the reaction between the

substrate and the melt starts at around 32 seconds (rig. 3.Lb). The

-reactj-on results in local formation and growth of an intermetallic phase,

a phase which is aluminium- and iron-rich as is shown later (section 5.1.1).
It seems that a tlpical process of heterogenous nucleation occurs in this
low carbon steel/Iiquid GaLfan couple at 450"C. On an empirical basis,
after nucleation, growth of the nucleus takes place immediately both towards

the substrate and towards the melt as illustrated schematically in ELg. 3.2

and shown in Fig. 3.Lc. The newphase grows as a local outburst which seems

to imply that the nucleation rate is low compared to the rate of the growth.

Longer dipping times give a greater number of such outbursts and thus the

coverag'e of the intermetallic on the whole substrate surface becomes as

shown in Fig. 3.1e.
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MeLt

Nucleus
^./

Substrate

o

Fig. 3.2 The nucleation processes,

on the substrate surface,

MeIt

Nucleus

(a) heterogeneous nucleation
(b) growth of the nucleus.

4
Substrate

b

Effect of surface condition

Selverian et aI (59) reported that in the hot dipping of a 0.65 mm

thick iron sample into a (45-75) wtt Al-Zn melt at 6L0"C, the time for the
sample to reach the melt temperature was 2 Eo 3 seconds. We assume that
similar delay times are involved in hot dip Galfanizing. The time of
dipping before the start of the reaction varies greatly with different
substrate surface pre-treatments: from a few seconds as reported by Caceres

et aI (30) to more than 640 seconds in Ghuman and Goldstein's experiment
(35). The dipping time for the nucleation of the intermetallic phase in
this experiment is less than 32 seconds at 450"C (E'ig. 3.1b). The different
dipping times reported for nucleation to occur can be explained by the
different wetting properties of different surface pre-treatments. The

wetting or contact angle is a very important parameter in heterogenous

nucleation (79). With better substrate-fiqr.rid wetting, there will be a

lower free energy barrier and therefore shorter dipping time necessary for
a new phase to nucleate. Nevertheless, the highly )-ocalized form of the
intermetallic observed in this experiment agrees well with that observed by

Caceres et aI (30) and Ghuman and Gotdstein (35); as it also does with that
observed when a reducing atmosphere is used instead of a flux (3162163r.

The nucleatincr phase

For a phase to nucleate, the overall free energy of the system has to
be lowered. The free energy requirement is satisfied if the phase diagram

predicts that the nucleating phase is in equilibrium. According to the Fe-
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Al-Zn ternary system, at 450"C (F.iS. 2.231, O-phase (FeAlr-Zn,) is the phase

which is thermodynamically possible. This means that, with supersaturation
of the iron in the Galfan bath, at least at its interface with the sub-

strate, and given the necessary nucleating surface, the e phase is expected

to nucleate.

According to the Fe-Al--Zn ternary phase diagram (450"C), the interface
between cl-phase (iron saturated with Zn and Al) and O-phase would not be

stabfe. The diagram inplies that the t1-phase (FerAlu-Zn,) will form at the
g'-e interface. There must therefore be a two step nucleation processes.

First the O-phase nucLeates on the substrate surface and second the Tl-phase

nucl-eates between cr and 0. This afso implies that the part of the inter-
metal-lic Arrowing towards the substrate is t1-phase, while that growing

towards the melt is o-phase.

The inhibitinq laver

The above discussion does not require that initially there is an

inhibiting layer and that later the breakdown of such a J-ayer leads to the

formation of the outburst intermetallic as proposed by Caceres et al (30).

The nucleation of first the 0 and second the 11 phase, and growth of the
phases as defined in the ternary system can proceed immediately after the

substrate is wetted by the rnelt, as observed in this experiment. This is
completely different from normal galvanizing when the aluminium content is
only around 0.2 wt.Z in the zinc melt. In galvanizing (0.2 wtt Al-Zn melt)'
the initial formation of a thin q (FerAlr-Zn,) Iayer delays the formation of
the iron-zinc intermetallic phases. Harvey and Mercer (37) showed that in
the 0.1-6 wt? AI-Zn melt, the ternary dross contained t1 phase; this indicates
that the formation of the 11 in galvanizing is thermodynamically possible.
As described by Urednicek and Kirkaldy (36) the growth of the initial
al-uminium-rich inhibiting layer, though slow, Ieads to the depletion of
aluminium at the Iiquid next to the interface in galvanizing and a normal

iron-zinc intermetal-Iic will then develop to bring about a more stable
system. According to the phase relation defined in the Fe-AI-Zn phase

diagram (Fig. 2.23'), slight depletion of aluminium next to the intermetal-

lic/melt interface during the growth of intermetallic phases in Galfanizing
is not likely to result in the formation of a Ee-zn intermetallic phase.
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f ntermetaf I ic-subst rate interf ace

Figrrres 3.lc, 1d, Le show the formation of sharp crack-Iike features
at the intermetallic-substrate interface. This feature was al-so observed

by Caceres et aI (30). Such a morphology may be a result of:

L. the faster diffusion rate (solid staLe) along the grain boundary

and therefore faster growth rates,

2. the tensile stress imposed on the substrate at the intermetallic-
substrate interface when the intermetallic forms and grows,

It is not likety that the grain
view favoured by Caceres et aI.
with the substrate.

3.L.2 Breakaway Growth

Growth process

boundary was attacked by the liquid, the
The liquid is not immediately in contact

After the initial nucleation process, the intermetallic phase gror{s

towards the substrate and towards the melt. Towards the meLt it breaks away

in the form of abnormal irregularities (FiS. 3.1c to Lh). Upon withdrawal
of the substrate from the meIt,, the intermetalfic further grows; evidence
of this can be shown by the fact that the melt subsequentLy solidifies with
little eutectic. Large amounts of aluminium have been removed from tbe
liquid for the further growth of the Fe-AI rich intermetallic; the remaining
liquid is then highly depleted in aluminium. Therefore the final liquid
solidified is basicallv zinc.

The breakaway intermetallic can be assumed, for reasons already men-

tj-oned in the previous section, to be 0 1rea1r-zn,) i between the 0 and the
substrate, the presence of another phase, i.e., n (FerAlr-Zn,), can also be

expect.ed according to the equilibrium ternary system (FiS. 2.231 . Alt th'e

phases that are thermodynamically possible do not necessarily form during
Galfanizing which does not need to be an eqr:ilibrium system. However, as

will be discussed later (section 4.1.1), the q phase has been shown to exist
immediately next to the substrate in samples Galfanized at 450"C. The

growth of the intermetallic phases is therefore assumed to be accompanied

by three processes simultaneously:

1. the growth of FerAIu-Zn, towards the substrate,
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2. the transformation of 11 <+ 0,

3. the growth of FeAlr-Zn, towards the melt.

The existence of the intermetallic layers can simplified as:

Substrate - FerAIu-ZA* - FeAIr-Zn, - Galfan melt

The growth of intermetallic phases involves the diffusion of aluninium
from the melt to the intermetallic-substrate interface and the diffusion of
iron frorn the substrate to the intermetatlic-melt interface. The diffusion
of aluminium in q phase, according to Larikov et al's data (82r 83) (Iisted
in Table 3.L and plotted in Fig. 3.3), is likely to be faster than iron.
This means that the growth of the intermetaftic phase is predominantly at
the intermetallic-substrate interface, i.e. :

a+Al -+ n 3.1

where Cr is iron saturated with aluminium and zinc (substrate).

Table 3.1a Diffusion coeffj-cients (cm27s; of Fe

in intermetallic phases (x 1O-11) .

Temp., "C 1100 L050 1000 900 600 .

FerAI, 1980 1230 615 224 L.67

FeAI. l-31 50 20.8 l_0.9

TaJcIe 3.1b Diffusion coefficients (cmzls) of Al
in intermetallic phases (x 10-11).

Temp.,"C 600 580 550 520

Fe.AI,

FeAI.
8.?

6.3r. 3. 66 L.2
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Fig. 3.3 Diffusion coefficients of Fe and Al
and FeAI, plotted against 1/t.

in FerAl,

Vol-ume chanqe, stresses and fragmentation

In Mackowiak and Shreir's investigation on the hot dipping of titanium
in an aluminium bath (80), it was found that the intermetallic product vras

predominantly TiAl, and it broke and floated into ttre meIt, similar to the

breakaway morphology found in this experiment. Mackowiak and Shreir
explained that the breakaway was attributed to the development of tensile
stress in the interaction layer parallel to the titanium surface, arising
through the continuous precipitation of TiAl3 at the interface and the fact
that the volume of the precipitate was much greater than that of the

titannium. In the hot dipping of niobium into aluminium, Slama and Vignes
(81) found that the intermetallic phases, predominantly NbA13, floated into
the melt and formed a thick biphase zone (NbA13 in an aluminium matrix) in
the solidified coating when the hot dipping was at temperatures below

L200"C. They also attributed the breakaway growth to the stress developed

when the intermetallic phase formed during hot dipping. At temperatures
higher than l-200'C, the capacity of recrystallized niobium to deform was

sufficient to relax any of the stresses occurring during the growth of the
intermetallic laver.

During Galfanizing the volume change can be roughly consideged as

follows. This treatment is similar to Nishida's analysis of the volume

O
(.,1

q)

13

Et Fe in Fe2Al5
o Fe in FeAl3

n Al in Fe2Alg
o Al in FeAl3
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change for the formation of a new phase during the interdiffusion between
iron and an iron-aluminium alloy (42r. As assumed above, the first phase
to nucleate is 0 and the growth towards the substrate is r; the ratter
accounts largely for the overall growth of the intermetallic phases.
Therefore the volume change due to reaction 3.L is most important and wiII
be considered first. As an approximation, binary Fe-Al intermetallic phases
are assumed rather than ternary phases. For a unit ceII of 11 (Table 1.3):

Vn : 0.2055 nm3

Nn : 4 (Fe) +L0 (A1)

where V is vol-ume and N is the number of atoms per unit cell
For a unit cell of iron:

V". : 0.02342 wrt3

N""=2

Therefore, for the reaction:

2Fe+5AI + Fe2AIs

the ratio of the volumes is:

2VF":Vr : 2x0.02342:0.2055 : 1:4.39

The above calculation means that iron reacts with aluminium to form e the
volume of which is 4.39 times the original volume of the iron. This
substantial increase explains the swollen appearance and the forced.-away
like morphology in the early stage as shown in Fig. 3.L. This arso indi-
cates that a very high tensile stress witl be imposed on to the substrate
leadinq to the formation of the crack like morphology mentioned in the
previous section.

As will be shown later (section 4.L.1), the n (FerAlr-Zn*) is only
present in the region next to the substrate; the outer portion which is the
larger part of the intermetallic is 0 (real3-zn*). This means the transform-
ation inside the intermetallic is predominantly q + 0. The rate of this
transformation may be faster than the rate of the growth of the q towards
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the substrate leading to the int,ermetallic being mainly 0 phase except that
small portion next to the substrate. Considering the transformation of Tl

4 0, for the unit ceII of 0:

Ve : 1'4879 nm3,

Ne : 25 Fe and 75 Al,

therefore, the ratio of volumes is:

25Vn:4% - 25x205.224x1487. 9 = 0.86:l-

This volume change is not significant compared to the one from the growth

of the Tl towards the substrate.

FeAl, and Fe.Als are extremely brittle (58). The stresses introduced by

the dramatic increase in voLume of the intermetallic, when FerALr-Zn, grows

towards the substrate, and the brittleness of the phases are likely to be

the main factors responsible for the cracking and the subsequent breaking
arrayi this exactly parallels the solid titanium and liguid alurninum couple
as observed by Mackowiak and Shreirs (80). The highly broken 0 can allow
the liguid to reach the q phase and this can lead to the dissolution of the
q phase or to the transformation to 0 phase,' either can assist further
breakaway. At 450"C, the processes of growth towards the substrate and the
meIt, cracking and breaking away is maintained for a long time as shown in
Fig. 3.1f, 19, th. rn prolonged dipping (rig. 3.lh), the intermetallic
phase next to the substrate becomes somewhat less irregular though the
breakaway like morphology is still predominant. It may be reasonable to
assume that such breakaway like growth can last till the whole substrate is
consumed at this temperature.

3.2 TEE EI'FECT OF DIPPING TEMPERATT]RE

3.2.L fntermetallic Coverag'e

Figs. 3.4 to 3.9 show how the GaLfanized coating develops at dipping
temperatures greater than 450"C. With increasing melt temperature, the
wetting ability of the melt increases and the time for nucleation of the
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first intermetallic phase and the local outburst is shortened.. Higher
dipping temperatures accelerate the process of the intermetallic coverage
of the substrate surface. These can be illustrated in Fig. 3.4 where In(t)
is plotted against (L/T', based on the data listed. Tab1e 3.2; note that
straight line implies that a single process controls the rate. In Tabte 3.2
the time (t") for the complete coverage of the intermetallic on the sub-
strate surface at each temperature is listed. These times are estimated
from Fig. 3.le, Fig. 3.5d, Fig.3.Gc, Fig. 3.7c, Fig. 3.gb and Fig. 3.9a.
From these figures it can be seen that, between 450.c and 490"c, the
nucleation process itself does not seem to change,. this can be seen in Fig.
3.7 where the nucleation process is essentially the same as that at 450"C
(Fis.3.1) except for the shorter time for such nucleation at higher
temperature. For dipping temperature of 510"C, the reaction is at such a
speed that the intermetalLic covers the whole surface in less than 5 seconds
as shown Fig. 3.9.

Table 3.2 Data for various temperatures for
the time taken for the intermetal-
Iic to cover the substrate surface.

t., s

450

2s6

460 480

r_45 35

500 510

10 5

490

20

Fig. 3.4 shows that nucleation follows Arrhenius-tlpe behavior, vLz:

Int = A/T+B 3.2

which is equivalent to:

L/E = B'exp (-A, /kT)

where A, is the activation energy and k =
(13.9x10-24 (J/atom "I() .

From Fig. 3.4:

3.3

Boltzman's constant

lnt : 37120/T-45.72
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d4
o(,

E3

1 .26 1.28 1.30 1.32 1.34 1 .36 1.38 1.40
| 03/T oK-l

E.ig. 3.4 Relation between ln(t) and

the intermetallic to cover
the dipping temperature.

therefore A, /k : 37L20 and

L/I, where t is the dipping time for
the whole substrate surface and T is

A' : 0.512xL0-18 .t,/atom

= 308,l-50 J/nole

This is the activation energy for the process of the complete intermetallic
coverage of the substrate surface, which accounts for both the nucleation
and the early growth. As a comparison, the activation energy of diffusion
of iron and aluminium in FeAI3 and FerAl' from Fig. 3.2, are:

A' = L57 k.I/mole for diffusion of iron in FeAl'
A, : 138 k.I/mole for diffusion of iron in Fe2AIs,

A' : 199 k.I/mole for diffusion of aluminium in FeAlr.

The difference of the activation energies between that for complete inter-
metallj-c coverage and those for diffusion implies that the rate controlling
step is not diffusion.
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XpGr

d. 460"c, 145 s

Fig. 3.5 Microstructures of
at 460'C for times

b. 4 60"c, g0

c. 460"C, 1l_0 s

e . 4 60"C, 185 s

Galfanized coatings of low carbon steel d.ipped
as indicated. Specimen were lightly etched.

a. 4 60"C, 20 s
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Fig. 3.6 Microstructures of
at 480"C for times

a.480oC, 5 s

b. 480"C, 20 s

d.480"c,55

Galfanized coatings of low carbon steel dipped

as indicated. Specimens were lightly etched.

c. 480"C, 35 s
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a. 500"C, 5 s

b.500"c, 10 s

500"c, 20 d. 500"C, 35

e. 500"C, 55 s

E.ig. 3.8 Microstructures of
at 500"C for times

4? HF

Galfanized coatings of low carbon steel
as indicated. (Lightly etched except

etched

dipped

f)

f. 500"c, L70
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a.5L0"Cr 5 s

Fig. 3.9 Microstructures of
at 510"C for times

10 s

d.510"c,35 s

4E HF etched

Galfanized coatings of 1ow carbon steel dipped
as indicated. (Lightly etched except f)

c. 510"C, 20

e. 5L0"C, 55 s f.510"c,90
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3.2.2 Growth at 450"C-510.C

As the diffusion raLe and therefore the growth rate increases when
dipping temperature increases, the morphology of the intermetallic changes.
Examination of the intermetallic morphology as a function of dippinq
temperature from 460'c to 510'C clearly ind.icates a morphology change from
breakaway to rayer growt.h. Fig. 3.5 and Fig. 3.6 show that, at dipping
temperatures up to 480"C, breakaway growth is predominant though the higher
temperature greatly increases the growth rate. As the growth rate in-
creases' the rate ratio, (i.e., the ratio of the rate of the growth of t1 to
the rate of the transformation from q to 0 and breaking away, ) increases and.

therefore the morphology is more in layer form instead of breakaway. From
490"c to 5l'0"c (rig. 3.? to Fig. 3.9), the growth morphology changes from
predominantly breakaway to predominantly layered as the result of a further
increase of the rate ratio at higher temperature.

3.2.3 Growth at 520"C and Above

Fig. 3.L0 and Fig 3.L1 show the intermetallic morphology of coatings
dipped at 520"c and 5?5"c. At s2o"c, as shown in Fig. 3.L0, the intermetal-
1ic grows in layers along the whole surface though a less irregr:Iar break-
away like morpholog'y can sti1l be found. along the intermetallic-meIt
interface. A thick layer with a clear col-umnar growth perpendicular to the
interface grows up after about 60 seconds (Fig. 3.1_0a to 10f), the tips of
the elongated col-umns are clearly seen along the intermetallic-substrate
interface. Such an intermetallic-substrate interface morphology is similar
to the serrated intermetallic-substrate interface seen when iron is hot
dipped into aluminium melts (section I.4.2,), indj_cat.ing the similarity in
intermetallic formation and growth between Galfanizing at 520"c and. alumini-
zing. The similarity also suggests that the intermetallic phase growing
towards the substrate has a structure isomorphous with Fe2A15, i.e., q phase
as definedby the ternary system (Fig. 2.231. The morphology of the thick
columnar layer of the q phase also ind.icates:

l-. the rate of growLh of q is greater than the rate of r + 0, when
T:52 0"Cr

2. the rate of growth of 11 is less than or equal to the rate of Tl

+ 0, when T:450"C.
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520"c,

b. 520"c, 10 s

d. 520"c, 20

riq' 3.10 Microstructures of Galfanized coatings of low carbon steel dipped
at 520"C for times as indicated. Specimen were lightly etched.

c. 520"C, 15 s

e. 520"C, 40 s

r.03



f . 520"c, 60 s

Fig. 3.10 Cont.

b. 575"c, 7 s

Fig. 3.1-L Microstructures of
at 575"C for times

a. 575oC, 3 s

Galfanized coatings of low carbon steel dipped
as indicated. Specimens were lightly etched.

g. 520"C, 80 s

c. 575"C, 10 s

r.0 4



d. 525"c, 20 s e. 525"c, 40 s
Fig. 3.l-1 Cont.

The layer growth rate is not constant with dipping time. rn Fig. 3.12
a rough estimate of the thickness for three different dipping E,emperatures
is given; for substrate dipped at temperatures l-ower than 5L0"c, the thick-
ness of the intermetallic was not measured because of the predominance of
the breakaway-Iike morphology. The figure shows that the growth is fast in
the first 20 Eo 30 second.s and the growth becomes slower afterwards.

F60E{

,;
340c
lt
I
F20

Fig. 3.L2 Intermetallic laver

40 60
Dipplng tlme, s

thickness as a

Longer dipping times lead to the formation
thick intermetallic layer particularly near the
interfacei an example of this can be seen in Fig.

100

function of dipping time.

of a third phase in the
intermetal lic-sutrst rate

3.L09 for hot dipping at

e. 575"C, 40 s

-di- 5.i0 =c

--.- 52O =C

-!- 
575 oC
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520"c for 80 seconds. The third phase is a zinc-rich intermetatlic while
the thick layer is mainly aluminium- and iron-rich intermetallic as wil1 be
discussed later (section 4.3.1 and 5.3).

The kinetics of the interaction layer during hot dipping can sometimes
be simplified as (7,B4lz

d:Ct'

where d is the layer thickness after time t and c and n are
constants.

A value of n:0.5 indicates a parabolic rate of growth where diffusion is
rate-controlling (84r 85) . rn singJ-e phase growth such as when an AlrNb
layer gror^ts during hot dipping of niobium into molten al-uminium (g00"C to
1300"c), the thickness of the layer was found to vary parabotically with
time (86). rn the growth of a multiphase layer, however, deviation from the
parabolic arowth law has been observed. in many systems (g+1. For hot
dipping of iron in molten zinc, the values of n found in the overall
reaction are different from those determined for the individual phases and
the growth behaviour cannot be accounted for by a single equation (7,g41.
rt has also been found that the values of n may vary with time in the sotid
iron and J-iguid zinc couple (7,) .

3.s

860{
6
3+o
!
l:
F20

2.O

1.8

^ 1.6
E* 

1.4

x
ar, t,1
I

1.0

0.8

0.6
1.0 1.2 1.4

log(t, s)
1.6 1.8 2.O

and {t, and (b) Iog(x} and log(t), where
layer thikness and t is the dipping time.

246

^rGFpt"giimrt'

Relation between (a) x
x is the intermetallic

0.

A

Fi9.3.13
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Data plotted in Fig. 3.13 shows that the growth rate d.oes not simply
follow the parabolic 1aw and n varies with dipping time when described by
equation 3.5. This suggests that, for a multiphase layer with a new phase
formation during growth as in this case, the growth kinetics cannot be
simply expressed bln equation 3.5. However, the slower g'rowth after 20 to
30 seconds as shown in rig. 3.12 is likely to be the result of the l-ow dif-
fusion rate of aluminium through the thickening intermetallic layer. This
is the cause of the formation of the zinc-rich phase in the rater stage of
growth.

At even higher temperatures such as 575"c (Fig. 3.11), the growth rate
of the intermetall-ic increases further and, the thick ]ayer becomes more
compact. The third phase is well formed when the d.ipping time is 40 seconds
(Fig' 3.11e); this zinc rich phase is found mostly along the intermetal-lic-
substrate interface.

As already discussed (section 3.I.21, stresses developing during the
intermetal-lic growth play an important part in the fragmentation of t.he
growing intermetallic phases and the subsequent breakaway. As the dipping
Lemperature increases, such stresses can be partially or completely relaxed;
this can be one of the factors which lessen the extent of fragmentation and
breakaway.

3.2.4 Overall processes of Growth

The process of the growth of the intermetallic can be summarized as a
combination of the following processes:

1. a reaction at the subst.rate-intermetallic interface, i.e., the
growth of 11 (FerAlu-Zn,) toward.s the substrate is assumed.,

2 ' diffusion of (a) aluminium and. zinc through the intermetallic
to the .substrate-intermetallic interface, and (b) iron throug,h
intermetaLric to the intermetallic-meIt interface, where Dor)D"",

3. a transformation in the growing intermetallic:

FerAl.-Zn, -) FeAlr-Zn,

4. a reaction at the intermetallic-mett i-nterface. This may in-
cludes (a) the growth of FeArr-Zn, towards the mett, (b) the

107



redissolving of the FeAIr-Zn* into the melt,
the case of the intermetaltic being highly
tion of FerAlr-Zn* or the react,ion:

and possibly (c) in
broken, the dissolu-

FerAlr-Zn,+melt -) FeAlr-zn,

5. cracking and breaking away of the growing i_ntermetarric.

At lower temperatures process l- is slow and processes 4 and. 5 are predomin-
ant and therefore the intermetallic morphology is in a breakaway form. At
higher temperatures processes 1 and. 2 are fast, leading to a layer-like
growth of intermetallj_c phases.

3.3 TrlE EFEECT OF QTTENCBTNG

As previously discussed (section 3.I.2,), the intermetallic grows
further after the specimen has been withdrawn from the bath and while it is
cooling in air. Fig. 3.14 to Fig. 3.1? show the Gal-fanized. coatings
quenched in ice water immed.iately after withdrawal of the specimen from the
bath. Carefur comparison between the coatings of those cooled in air and
those quenched in ice water indicates the slightly greater growth of the
intermetaLlic when cooLed in the air.

The further growth of the specimen cooled in air is first of alt
because of the slower cooling; this allows the intermetallic co grow even
after withdrawal from the melt. Secondly, as the formation of Fe-Al
compounds, FerAlur FeAr, and FeAlr-*zn, in particular, is hiqhly exothermic
(87,88,89), the heat of formation of the intermetallic phases from any
further growth after withdrawal can not be dissipated as in the bath,. this
derays the cooling alrowinq the intermetallic to continue growing.

However' there is no essential- d.ifference in the growth morphology of
the intermetallic present in the Galfanized coatings of a specimen cool-ed
in air or that guenched in ice water. The breakaway growth morphology at
lower temperatures and the columnar layer of growth morphology at higher
temperatures were obtained both in the coatings quenched in ice water and
in the coatings cooled in air after hot dipping.
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450"c, s, Quenched

b. 450"C, 256 s, quenched c. 450"C, 512 s, quenched

Fig' 3.14 Microstructures of Garfanized coatings of row
at 450"C for times as ind.icated and. quenched.
hot dipping. Specimens were 1ightly etched.

Microstructures of GaLfanized coatings of low
at 490"C for times as indicated and quenched
hot dipping. Specimens were lightly etched.

carbon steel dipped
in ice water after

carbon steel dipped
in ice water after

a. 490"C, 20 s, quenched 55 s, quenched

Fig.3.15
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a. 520"C, L0 s, guenched b. 52A"C, 40 s, quenched

rig' 3'16 Microstructures of Galfanized coatings of Low carbon steel dipped
at 520"c for times as indicated and quenched in ice water after
hot dipping. Specimens were lightly etched.

a. 575"C, 7 s, quenched. b. 575"C, 20 s, quenched

Figr' 3.17 Microstructures of Garfanized. coatings of low carbon steel dipped
at 575"C at times as ind.icated and quenched in ice water after
hot dipping. Specimens were lightly etched.
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3.4 TEE EFE.ECT OF SILTCON IN THE SUBSIRJATE

The microstructures of the Galfanized coatings of the steels containing
silicon dipped at 450oc, 490'c and 520"c are presented in:

r-. Fig. 3.19 to Fig. 3.20 for steer containins 0.1 wt* si;
2. Fig. 3.21 to Fig. 3.23 for steel containing 0.5 wtE Si;
3. rig. 3.24 to Eig. 3.26 for steel containing 1.5g wtt si.

AII the samples were air cooled after hot dipping.

a. 450'C, 600 s (0.L wtt Si steel)

(0.1 wtB Si steel)

c. 450"C, 1560 s (0.1 wtt Si steel) (0.L wtE Si steel)

Fig. 3.1-8 Microstructure of GaLfanized coatings of 0.1 wtt Si steel dipped
at 450"C for times as indicated. Specimens were lightly etched.

.: ..1

b. 450"c, l_020

450"c, 2L00
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e. 490"c,

Fig. 3.19

a . 490"C, l_2 0 s (0.1 vrtt Si steel_)

(0.L wt* Si steet)

(0.1 wtt Si steel) d. 490"c, 490 s (0.1 wtt Si Sreet)

720 s (0.1 wtt Si steel) f. 490"C, 1020 s (0.1 wt* Si steet)

Microstructures of Galfanized coatings of 0. L wtt si steel dipped
at 490"c for times as ind.icated. specimens were lightry etched.

b.490"c, 190

490"c, 300
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a. 520"C, 5 s (0.1 wtt Si steel)

wt* Si stee]-)b. 520"c, (0.1

c. 520"C, 14 s (0.l- wtt Si steel) d. 520"c, 20 s (0.1 wtE Si Steel)

e. 520"C,

Fis.3.20

30 s (0.1 wtt Si steel) f. 520"C, 50 s (0.1 wtE Si steel)

Microstructures of Garfanized. coatings of 0. L wtE si steel dipped
at 520"c for times as indicated. specimens were rightry etched.
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a. 450"C, 1020 s (0.5 wtt

-,:.*i..+.;E

b. 450"c, 1560 s (0.5 wtt Si steel)

d. 450'C, 2940 s (0.5 wtt Si steet)

Fig. 3.21 Microstructures of Galfanized coatings of 0.5 wtt si steeL dipped
at 450'C for times as indicated. Specimens were lightly etched.

steel)

c. 450"C, 2100 s (0.5 wt? Si steel)
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a. 490"C, 300 s (0.5 wtt Si steet)

(0.5 wt* Si steet)

c. 490"C, 840 s (0.5 wtt Si steel) d. 490"C, 1080 s (0.5 wtt Si steel)

I.ig. 3.22 Microstructures of
at 490"C for times

Galfanized coatings of 0.5 wt* Si steel dipped
as indicated. Specimens were lightly etched.

b. 490"c, 600
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a. 520"C, 60 s (0.5 wt* Si steel)

b. 520"c, 120 s

c. 520"C, t 80 s (0.5 wtt Si steel) d. 520"C, 270 s (0.5 wtE Si steel)

Fig. 3.23 Microstructures of
at 520'C for times

Galfanized coatings of 0.5 wtt Si steel dipped
as indicated. Specimens were lightly etched.

(0.5 wtt Si steel)
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450"c, 300 s (1.58 wr? Si sreel)

steel)

c. 450"C, 1020 s 58 wt8 Si steel)

d. 450"C, 1560 s (1.58 wt? Si steet)

Eiq. 3.24 Microstructures of Galfanized coatings of L.5B wEasi steel dipped
at 450"C for times as indicated. Specimens were lightly etched..
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s (1.58 wtt Si steel)

steel)

490"c, 300 (1.58 wtt Si steel) (1.58 wtt Si steet)

e. 490"C, 840 s (1.58 wtt Si steel) f. 490"C, 1080 s (1.58 wtt Si steel)

Fig. 3.25 Microstructures of Galfanized coatings of 1.58 wt?Si steel dipped
at 490'C for times as indicated. Specimens were lightly etched.

490"c, 600
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520"c, 50

c. 52.0"C, 120 s (1.58 wtt Si steel)

e. 520"C, 270 s (L.58 wtt Si

Fig. 3.26 Ivlicrostructures of
at 520"C for times

(1.58

b.520"c,90 (1.58 wtt Si steel)

d. 520"C, 180 s (1.58 wt% Si steel)

steel) f. 520"C, 390 s (1.58 wtE Si steet)

Gal-fanized coatings of 1.58 wttsi steel dipped
as indicated. Specimens were lightly etched.

wtt Si steel)

f. 520"C, 390 s (1.58 wtE Si steet)
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Compared with Iow carbon steel, significantly lower rates of formation
and growth of intermetallic were found when steel containing silicon was

used as a substratei such lower rates result in a significant change of the
intermetallic morphology.

3.4.1 Inte:metallic Nucleation
t

Coating-substrate interfaces with no detectable intermetallic growth

at all can be obtained with long dipping times. Fig. 3.18 to Fig. 3.26

allow us to estimate approximately the time delay (t") before the inter-
metallic starts to grow as in Table 3.3; for comparison the t, when 1ow

carbon steel is used is also estimated and listed in the table. For the
three steel substrate that contain silicon, the time for the intermetallic
formation is significantly longer than that for low carbon steel.

Table 3.3 Times (sec.) for intermetallic
formation as a function of sub-

strate silicon content and tem-
perature.

Temp. , "C

Si Content

450 490 520

0.00 wt?

0.10 wt?

0.50 wtt
1.58 wt*

32

500

r020

300

L20

300

]-20

<<5

5

60

50

However, the data given in Table 3.3 show that the time for the
appearance of the intermetallic does not have a straightforward dependence

on silicon contentt other alloy elements must also have an effect. Table

2.3 shows that except for the marked difference in silicon content, the
compositions for 0.1 wt? Si and 0.5 wtt Si steels are the same, and the
compositions for low carbon and 1.58 wtt Si steels are similar. ft seems

therefore appropriate to study the effect of increasing silicon conLent by

comparing 0.1 wtt Si with 0.5 wtt Si steel andby comparing low carbon steel
with 1.58 wtt Si steel. In comparing the calfanizing of 0.1 wtt Si and 0.5
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wtt Si steels (Table 3.3), the nucleation rate of the int.ermetallic decrea-
ses with the higher silicon content and this decrease is more noticeable as

the temperature increases from 450"C to 520"C.

The shorter time for the intermetallic to nucleate in 1.58 wtt Si steel
as compared to 0.1 wtt Si and 0.5 wtt Si steels is probably the result of
the small addition of other alloying elements in the latt,er steels. In
0.1 wtt Si and 0.5 wtt Si steels (Table 2.31, there are small additions of
nickel, chromium and copper, and higher manganese content. Niinomi and Ueda

(90) have reported that carbon, silicon, chromium, nickel, manganese and

copper in steel substrate have the effect of reducing the thickness of the
intermetallic layer when aluminizing. In this respect, silicon, nickel and

copper have the greatest effect. As the intermetallic formed during Ga1-

fanizing in the experimental hot dip conditions is mainly iron and aluminium
rich, it is therefore reasonable to assume that the alloy additions of
nickel and copper, though small, and the higher content of manganese, have

the effect of lowering the growth rate of the intermetallic. It can also
be assumed, by comparing the data of 0.1 wtB Si and 0.5 wt? Si steels with
the data of 1.58 wtt Si steel given in Table 3.3, that the alloy additions
of nickel and copper, though the contents are low, and the slightly higher
content of manganese have the effect of lowering the rate of intermetallic
nucleation.

3.4.2 Intermetallic GrorvEh

Growth (1.58 wtE Si vs. 0.00 wtt Si)

For 1.58 wtt Si steel (Fig. 3.24 to Fig. 3.26r, there is no outburst
tlpe of intermetallic in the temperature range reported here. The inter-
metaLlic-substrate interface is mostly planar; the effect of silicon in the
substrate is similar to that for aluminizing (43) in this respect. As

discussed previously (section 3.L.1), the outburst type of intermetallic is
the result of a high growth rate and a low nucleation rate. The planar
interface can therefore be assumed to be the result of a low growth rate.
The growth is uniform along the whole surface and extremely slow at 450"C,.

the intermetallic thickness is weII developed but less than 5 microns thick
when dipping for as long as 1560 seconds. By comparing the intermetallic
layer as shown.in Fig. 3.24 and that shown in Fig. 3.1, the intermetallic
g:rowth during GaLfanizing of 1.58 wt% Si steel seems to be at least two
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orders of magnitude slower than that during Galfanizing of low carbon steel.

With longer dipping times, the layer gro\ds only to a certain thickness

and then cracks and breaks off as shown in Fig. 3.24d. The morphology

indicates that the growing intermetallic layer buckled and then broke off
as a continuous layer. This morphology is similar to that when galvanizing

at 500"C where a rupture occurs at the 6rr/6ro interface causing the 6ro phase

to buckle and break off (16). Applying pressure greater than 2.2 kg/cm2 to
the growing intermetal-lic layer has been shown to counteract the stresses

in the layer and stop the buckling. Mackowiak and Short (16) explained that
the volume change during the growth of the intermetallic Iayer causes a

compressive stress paralIel and a tensile stress perpendicular to the

substrate surface. When such stresses are built up at a rate which can no

Ionger be accommodated, then rupture occurs at the 6rr/6ro interface. In
Gal-fanizing of the 1.58 wtt Si steel, the intermetallic layer can also be

assumed to have at least two phases in the layer, i.e., 0 towards the melt

and q towards the substrate. The growing n tonards the substrater ES

already described in section 3.1-.2, introduces a large volume increase which

causes high compressive stress in the growing intermetallic layer and

therefore buckling of the layer.

with increasing temperature the layered breakaway becomes more vigorous
as shown in Fig. 3.25c-f andFig.3.26c-f. The same figures also show that
there is a compact layer next to the intermetallic-substrate interface and

before the layered breakaway intermetallic. This compact layer seems to
increase slightly in thickness with higher dipping temperaturer it is
estimated to be 3 to 5 microns for dipping at 520"c.

For hot dipped 1.58 wtt Si steel, as opposed to the low carbon steel
substrate, there is a considerable amount of eutectic solidified between the
layered breakaway intermetallic (riS. 3.24 to FiS. 3.26',; this again

suggests that the intermetallic grows extremely sIowly. After withdrawing
the specimen from the melt, further growth of the intermetallic is negligib-
fe. Therefore the depletion of aluminium in the solidifying tiguid is so

slight that the final solidification can be in the form of eutectic even

between the breakaway intermetallic.

FiS. 3.2? shows the intermetallic features present in the 1.58 wtt Si

steel coating hot dipped at 490"C with the specimens heavily etched. In the
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4 90"c, 120 E.n. (1.58 wtt Si steel)

b. 490"C, 180 s, H.E. (1.58 wtt Si) c. 490"C, 300 s, H.E. (L.58 wtt Si)

d. 490"C, 600 s, H.E. (1.58 wtt Si) e. 490"C, 840 s, H.E. (1.58 wtt Si)

90"C,f. 4 1080 s, H.E. (l-.58 wt* Si steel)

ELg. 3.27 Microstructures of Galfanized coatings of l-.58 wttsi steel dipped

at 490"C for times as indicated. Specimens were heavily etched.
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sample hot dipped for L20 seconds, it can be seen that the intermetallic
phases are nucLeated locally and later cover the whole substrate surface
with litt1e growth in both directions perpendicular to the surface. In the
early stage there appear two thin layers, one bright phase towards the melt
side and one immediately next to the substrate surface which is attacked by

the etchant. The bright phase grows with increasing dipping time and it
breaks off as a layer in the later stage. The compact layer mentioned above

seems to have a growth direction perpendicular to the substrate surface and

there appears to exist.a thin (<1 p*) Iayer between the substrate and the
compact layer.

Growth (0.1 wtt Si and 0.5 wtt Si)

For 0.1 wt* Si and 0.5 wt8 Si steels, the growth of the j-ntermetallic

was also found to be extremely slow at 450"C (Fiq. 3.1-8 and Fig. 3.2!1 . As

for Galfanizing of 1.58 wtt Si steel, increasing the melt temperature in-
creases the growth rate and the g'rowth is uniformly layered at 490"C (Fig.
3.19 and Fig. 3.221; for higher silicon contents the growth rate is l-ower.

The growth becomes irregrrlar when the melt temperature increases to 520"C

(rig. 3.20 and Fig. 3.23). Again, with higher silicon content in the sub-
strate, the growth rate becomes lower and the breaking away is less ir-
regular. In comparison with 0.1 and 0.5 wtt Si steel-, the growth of the
intermetallic during Galfanizing of 1.58 wtt Si steel at 520"C is still
uniformly layered.

Fig. 3.28 and rig. 3.29 show the intermetallic layer of the 0.1- and 0.5
wtt Si steel coatings hot dipped at 490"C with specimens heavily etched.
The features of the intermetallic phases are simiLar to those described for
the l-.58 wtt Si steeL. The growt.h direction of the compact layer is clearly
shown here; the thickness of this compact and columnar layer is thicker in
the coating on 0.1 wtt Si steel than it is on 0.5 wtt Si steel which in turn
is thicker than it is on 1.58 wtt Si steel (Fig. 3.261. The thin'1ayer is
more clearly shown lying between the coLumnar layer and the substrate; this
thin layer is approximately L 1tm on the 0.1 wt* Si steel substrate and Less

on the 0.5 wtt Si steel coating.

In sunmary, the presence of silicon in the steel substrate has the
following effects on the intermetallic:
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a. 490"C, 120 s, H.E. (0.L wtt Si steel)

c. 490"c, 720 s, H.E. (0.1 wtt Si) d. 490"C, 1020 s, H.E. (0.L wtt Si)

Fig. 3.28 Microstructures of Galfanizedcoatings of 0.1 wtt Si steel dipped

at 450'C for times as indicated. Specimens were Heavily Etched.

c. 490"C, 1080 s, H.E. (0.5 wt* Si steel)

ELg. 3.29 Microstructures of Galfanized coatings of 0.5 wtt Si steel dipped

at 490"C, for times as indicated. Specimens were heavily etched.

720 s, H.E. (0.1 wtt Si) d. 490"C, 1020 s, H.E. (0.1 wtt Si)

a. 490"C, 300 s, H.E. (0.5 wtt Si) b. 490"C, 840 s, H.E. (0.5 wtt Si)
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The addition of silicon delays the nucleation of the intermetal-
lic (for all steels containing silicon).

2. with increasing silicon content, the nucleation is delayed more.

The delay is more noticeabl-e at 520"C than 450"C (comparinS 0.1
wtt Si with 0.5 wt* Si steel).

The significantly slower rate of growth results in a planar
interface between substrate and intermetallic. This occurs when

steel containing L.58 wtt Si is used at 450" to 520'C and steel
containinS 0.1 to 0.5 wtt Si is used at 450" to 490"C.

The growth rate is lower with higher silicon content. At 450"C

and 490"C, growth is layered and at 520oC, the g:rowth is highly
irreg"ular for 0.1 wt? Si steel, irreg-ular for 0.5 wtt Si steel
and.layered for 1.58 wtt Si steel.

At the later stage of the layered growth, there seem to be three
different intermetallic morphologies from the outer part of the
coating to the substrate, namely, (1) a layered breakaway, (2)

a compact columnar layer and (3) a thin layer.

3.3 TITE EFFECT OF SILICON IN IIIE MELT

The microstructures of the coatings on l-ow carbon steel produced from
the Galfan bath containing silicon are given in Fig. 3.30 to Fig. 3.34.
Coatings were dipped at temperatures of 450"C, 470"C, 490"C, 520"C and 575"C

and air cooled after hot dipping.

As with silicon additions to the steel substrate, the addition of
silicon into the Galfan bath causes the intermetatlic formation and growth

characteristics to change significantly. First, the time for the initial
formation of intermetallic is delayed in comparison to that for the silicon-
free bath (FiS. 3.30a and Fig. 3.31a). The decrease of the wetting force
may play a part in this delay. Uchida et al (50) have shown that the
wetting force is decreased when sil-icon is added into the alurninum bath,. the
decrease is more dramatic for smaller silicon additions.

3.

4.

5.
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a. 450"C, 64 s (Si-Galfan bath)

b. 450"C, 256 s

(Si-Galfan bath)

Microstructures of Galfanized coatings of low carbon steel dipped

in Galfan bath containing silicon at 450"C for times as indicat-
ed. Specimens were lightly etched.

(Si-Gatfan bath)

450"C, 5L2

Fis.3.30
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d. 450"C, L024 s (Si-Galfan bath)

Fi9.3.30 Cont

a.470"C,80 (Si-GaIfan bath)

b. 470"C, 145 s (Si-Galfan bath)

Fig. 3.31 Microstructures of Galfanized coatings of low carbon steel dipped
in Galfan bath containing silicon at 470"C for times as indicat-
ed. Specimens were lightly etched.
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a. 490"C, 35 s (Si-Galfan bath)

b.490"c, 110 s

Eig. 3.32 Microstructures of Galfanized coatings of low carbon steel dipped
in Galfan bath containing silicon at 490"C for times as indicat-
ed. Specimens were lightly etched.

(Si-Galfan bath)
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520"c, (Si-GaIfan bath)

(Si-GaIfan

Fig. 3.33 Microstructures
in Galfan bath
ed. Specimens

of Galfanized coatings of low carbon steel dipped
containing silicon at 520"C for times as indicat-
were lightly etched.

575"C, 40 s (Si-Galfa

Fig. 3.34 Microstructures
in Galfan bath

ed. Specimens

of GaLfanized coatings of 1ow carbon
containing silicon at 575"C for times
were lightly etched.

steel dipped

as indicat-

(Si-Galfan
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At 450"C the nucleated intermetallic does not grow to any noticeable
extent for any dipping time used in these experiments as can be seen in Fig.
3.30. For a dipping time of 256 seconds, the intermetallic (the tiny spots
in Fig. 3.30b) has been nucleated but it does not seem to grow, at least, for
dipping time up to L024 seconds (E.ig. 3.30c, 30d). The silicon in this case

appears to have the effect of suppressing the growth of the intermetallic.
At 470"C, a slow growth rate of intermetallic is also found (FiS. 3.31).

At 490'C and up to 575oC, the intermetallic formation is delayed as at
lower dipping temperatures. However, once nucleated, the growth of the
intermetallic is fast resulting in highly localized growth; this is shown

in rig. 3.32 to Fig. 3.34. In this temperature range, the silicon seems to
lose the effect of suppressing the growth of the intermetallic.
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CITAPTER 4 SIRUCTI'RJAI" IDENTIFICATION OF INTERMETALLIC PEASES

As is reveaLed by the x-ray diffraction results of this investigation,
the intermetallic phases present in the Galfanized coating are mainly iron-
and aluminium-rich intermetaLlics. The existence of two different iron- and

aluminium-rich phases is demonst,rated here. The formation of an iron- and.

zinc-rich phase when dipped at high temperature and long dipping time is
also shown. The structural- characteristics, such as (a) preferred orienta-
tion and (b) a slight change of interplanar spacinq of the intermetatlic
phase when increasing dipping temperatures are used are explained and dis-
cussed in this chapter. There will also be discussion on the structures of
the intermetallic phases identified in coatings of steel containing silicon.

4.L DIPPING TEMPERATURE: 450"C

4.1.1 1'$ro Fe-AI-Zn Intermetallic phases

When the dipping temperature is 450"C the intermetatlic morphology is
j-rregular and breakaway as discussed in a previous section (section 3.1-.2)
and illustrated in Fig. 3.1. The results of the X-ray diffraction experi-
ments are tabulated in Tab1es 4.1 to 4.5. In these tables only the main
peaks are listed for zlnc, ld:2.474 Al and for the substrate (d:z.OZe Al .

Al-l- the peaks observed for the intermetalJ-ic phases are listed. (It should
be noted that a lower X-ray count rate rdas observed when Cr Kcr rad.iation was

used. than that when Co Kd, radiation was used)

Tables 4. L to 4.5 show that there are two groups of interplanar spac-
ings observed in the X-ray diffraction experiment, each one of which clearly
identifies the presence of an intermetallic phase in the coating. These two
phases are FeAlr-zn, and FerArr-Zn,. The two groups of interpranar spacings
are discussed below:

Group 1 d:4.04, 3.54, 2.036,2.016 A (FeAl.-zn.,)

Some or aII of
in the diffraction
longer as listed in

the above interplanar spacings (Group

runs on all the coatings dipped for
labl-e 4.2, 4.3, 4.4 and 4.5. From the

L) were observed

256 seconds and

tables, the peak
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Table 4.1- d-spacings and X-ray diffraction intensities
(Co Xc radiation) for coating of low carbon
steel dipped at 450"C for L28 s.

Phase d-spacing

rAr

Peak

G0'

Intensity (cps)

G1 G2

FerAIr-Zn,

FeAl.-Zn, or Zn

Zn

I.e

3.216
2.L24
r_.948

2.090

2.473
2.027

003
07L2
002

170 180 75

22s0 r.700 130

7L775

* - Gn signifies that n layers have been ground off the
surface

Table 4.2 d-spacings and x-ray diffraction intensities
(Cr Xcr radiation) for coating of low carbon
steel dipped at 450"C for 256 s.

Phase d-spacingi

rAr

Peak fntensity (cps)

GO G1 G2 G3

FerAlr-Zn,

FeAIr-Zn,

FeAIr-Zn, ot Zn

Zn

Fe

3.21L
2.t22
1.950

3. s3s

2.018

2.088

2.47 4

2.025

0

0

0

0

<2

63

200

0

0

3

0

<2

78

210

5

<22
? 15

<23
2<2

66 44

7I r.5

13 27

* -- Being covered by another peak.
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Table 4.3 d-spacings and X-ray
tion) for coating of

diffraction intensities (Co Kcr

L.c. steel dipped at 450'C for
radia-
512 s.

Phase

FerAIr-Zn,

FeAlr-Zn,

FeAIr-Zn, or Zn

Zn

Fe

Unidentified

d-spacing

rAr G5GO

Peak Intensity (cps)

G1 G2 G3 G4

3.829

3.208

2.365

2,t22
2.069

r..945

1.768

1.479

L.226

r.2t5
4.039

3.548

2.016
2.09L
2.474
2 .028

2.773

00
00
00
00
00
00
00
00
00
00
03

233
4t27

0

0

0

L20 r.60 95

000

43
38 1_r_0 69

- 19 15

5 r.5 10

032
03<2
-53
29s
500
820

24

90 85 34

0 r.5 55

26s

0

0

0

0

0

U

3

047
6 l_r_ L7

190 260 220 170 L20 47

Talrle 4.4 d-spacings and X-ray
tion) for coating of

diffraction intensities (Cr Kcr radia-
L.C. steel dipped at 450"C for 1024 s.

Phase d-spacing

rAr G5GO

Peak Intensity (cps)

G1 G2 G3 G4

FerAlr-Zn,

FeAl3-zn,

FeAlr-Zn, or Zn

Zn

Fe

3.206
2.120
2.067

L .946

3.529

2. 015

2.088

2.473

2.025

0

0

0

0

0

<2

60

?8

0

0

0

0

0

2

4

73

50

0

002
0313
00
002
342
55

66 68 44

50 45 49

0-20

3

t5
3

3

0

28

27

54
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Table 4.5 d-spacings and x-ray diffractlon
tion) for coating of low carbon

4096 s (prolonged dipping).

intensities
steel dipped

(Co Ka radia-
at 450'C for

Phase d-spacing

rAr G5UU

Peak Intensity (cps)

G]. G2 G3 G4

FerAIr-Zn,

Feznlo-AIy

FeAIr-Zn,

FeAls-Zn, or Zn

Zn

Fe

Unidentified

3.830

3.207

2.368

2.12L

2.066
1.945

L.769

L .477

1. 358

L.225

L.2L5

2.t94
4.039

3. s3?

2.036
2.0L7

2.090

2.476
2.027

2.77L

0

0

0

0

0

0

0

0

0

0

0

0

0

0

7

120

58

0

0

00
00
00
00
00
00
00
00
00
00
00
00
46
88

10

25 26

290 320

350 290

00
00

032
096
040
- 380 170

02L9
0208
030
030
030
0s0
0 r-r. 2

00<2
660

r.190

44 36

280 150 37

250 160 27

0-230
084

intensity sequences of the Group 1 interplanar spacings indicate that these

Group 1 interplanar spacings belong to the irregular breakaway intermetallic
phase. These Group 1 interplanar spacings were not observed in any ex-

perimental run where the specimen had been ground down to near the sub-

strate. This means thaL the structure identified by these Group 1 inter-
planar spacings is present in the coating at some distance away from the

intermetallic-substrate interface .

JCPDS files 29-42 and 2-1213 (see Appendix l-) show that the Group 1
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interplanar spacings are the main interplanar spacings of a structure known

as FeAlr. The conclusion is that the breakaway intermetallic phase at this
temperature is mainly a structure isomorphous with FeAl3 (0 or FeAI3-zn,),

an observation that is in agreement with Ghuman and Goldstein (35) and

Caceres et aI (30). Ghuman and Goldstein and Caceres et al reported that
FeAl3-Zn, was the only intermetallic phase present in the coating. However,

as will be shown soon, in the region more towards the substrate another

intermetallic phase is also present.

The intensities of the diffracted beams from the Galfanized coatingrs

at 450"C for these four peaks were relatively weak and the weaker peaks of
the other interplanar spacings of FeAlr-Zn, were not detected. This is why,

in the diffraction runs on coatings dipped for 128 seconds (Table 4.1) and

shorter, there are no peaks of group 1 interplanar spacings as there is not

sufficient amount of that intermetaltic phase present in the coatings.

d:2.989 A

This is the strongest peak for FeAl, as

083 and 29-42 in Appendix 1). Because it is
phases, the intensity seguence of this peak

tification of the strucLure.

well as for zinc (see JCPDS 4-

a peak common to both of these

does not provide a good iden-

Group 2 d:3.828, 3.21L, 2.366, 2.t21, 2.069, 1,947, 1.768, I.478, 1.224 and

1.214 A (Fe^At-znJ

Tabte 4.3 and Table 4.5 show that the above ten interpfanar spacings

(Group 2) were detected in the three experimental runs closest to the iron
substrate. The increase in intensity of the peaks as the diffraction comes

from further into the coating and the decrease in intensity of alL the peaks

when the substrate is approached show that they come from the same phase

which is present near or next to the substrate in the coating. In Table 4.4

only interplanar spacings 3.206, 2.L20, 2.067 and 1.946 A are used. The

others were not of sufficient intensity to be detected because the Cr Kc[

rad.iation was used giving a lower count rate than that when Co KCt radiation
was used as in Table 4.3 and 4.5.

The standard interplanar spacingr Lists of the possible compounds

(Appendix L and Table 2.6) show that only Fe.AIr-Zn, has interplanar spaeings
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which correspond to these Group 2 interplanar spacings. There are three

important interplanar spacings in this group (d:3.211 A, d-2.I2L A and

d:2.069 A) which are each the combination of two in the standard (calculated

and based on Harvey and Mercer's data as described in section 2.4.3'1. The

Group 2 interplanar spacings and their intensity sequences show that the

intermetallic phase present next to the substrate is clearly different from

FeAlr-Zn, and is FerAlr-Zn,.

There is an unidentifiedpeak in Tab1e 4.3 and 4.5, namely, d:2.772 4,.

The intensity seguences for this peak closely follow those for the peaks of
FerAlr-Zn*. This interplanar spacing was also reported in Harvey and

Mercer,s original data. However, according to the calculation as described

in section 2.4.3 no (hkl) can be assiqned to it.

Table 4.1 and 4.2 are the X-ray diffraction results for coatings dipped

for shorter times. As the dipping time is shorter and there j-s less inter-
metallic present, the peak intensities become weaker and in some cases peaks

are simply not detected. However, the structure of the FerAIr-Zn, identified
in the coatings is the same as that present in the coatings hot dipped for

longer times.

4.L.2 Preferred Orientation of Fe"AIr-Zn,

x-ray diffraction data (Table 4.1 to Tabl-e 4.5) show that the intensity
of the 002 refLection of FerAlr-Zn, is considerable higher than the intensity
of reflection of any other plane of the phase. This indicates that the

phase has a preferred growth direction. Sharp and Silyn-Roberts (91) have

shown that preferred orientation in a sheet where there is rotational
symmetry about the perpendicular to the sheet can be well represented by

plotting I/I" against the angle between <hkl> and the preferred direction.

The I/f. is the ratio of the peak height of hkl obtained from the specimen

wit.h preferred orientation to the peak height of hkI obtained from a random

standard sample. fn this experiment the preferred orientation, as has been

suggested and will be seen, is such that the (002) plane is parallel to the

substrate surface. The I,/I" is therefore pfotted against the angle between

(hkI) and (OO2l. The I,/I" used here has exactly the same meaning as that

used by Sharp and Silyn-Roberts (9f1. However instead of a random sample

being used, the I" values have been taken from Table 2.6. The I/I. values

used here have then been normalized such that the highest value of T/Io,

r.37



i.e., the I/I, for (002) is always 1. The method of calculation for I and

I. is as follows:

I : II"r".D/I"(oo2r]X55

where l.,o.r, is the intensity of the hkl peak from experiment and

I.,ooil is the intensity of the 002 peak in the sane experiment

run,

T-Tro - ro(hlclt

where Io refers to the intensity of the peak in the standard
(Table 2.61 .

Io(002) is 55, so for 002, r/Io is always 1 and:

l. T/T":l for alt planes, if there is no preferred orientation,

2. I/1"<L for all planes except 002, Lf there is a preferred orienta-
tion of (002).

For those peaks which are a combination of two peaks, a correction was rnade

as follows:
Consider two (hkl) planes ( (opq1 and (rst) for example) . If they
have the same angle to (002) g, then it is reasonabl-e to assume:

(I/I.) .Dq = (I/I"),,r

If the peak of diffraction from rst is mixed with another dif-
fracted from uvw, then:

f. : I"(."tt *I.(u*,

and I"(.*) : I"-I.(r,t, - f. [ ( Iolrrrt / Totopct ) xr"(oeqr ]

Therefore: I : If"(u*r,/I.(002,]X55

where I. is the corrected value.

Therefore, in analysis of the data in tables from Table 4.L to Table 4.5,

the corrections were made as:
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1. when there is a 200 diffraction peak

rc(rr1r = [r.rrrrr*r.roro,]-[ (11/38)Xr.12s6) I

rc(311t : Ircr:ru*ro(1r0,] - [ (30/38)Xr.126e1 J

Ic(0021 = [I.1221y*I.1oo2]] - [ (65/100)XI"13111)

2. when there is no detectable 200 diffraction peak

Ic*rlr = V4/55')XII"11111*I.1s2eyI t

rcr22rr : (65/L00)xII"(311,+r.(r30,]

as Iq(31rt>)Ietr:ot

rc(0021 = [r.roozt*r.tzzuI -rctzzD.

Tables 4.6 to 4.10 are the results of analysis based on the data of
interplanar spacings and intensities of FerAlu-Zn, in Table 4.L to Table 4.5.

The data of I/I" are plotted against the angle between (002) and (hkf) of
the phase in Fig. 4.L.

Table 4.6 Data of preferred orientation of Fe2AIs-zn* based

on c2 in Table 4.1 (450"C, 128 s) .

hkr g d, A ro r" r. r r/T"

020 90"
3.2L6

1_r.1 40.6

22L 59.8
2.L24

002 0

2.4 11 0.25

72
L2 55 1.00

11

44

55

55

LLz 23.2 L.944 35 2 2 9.L7 0.26
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Table 4.7 Data

on G2

of preferred
in Table 4.2

orientation of FerAIr-Zn, based

(450"C, 256 s) .

hkr I drA ro r.r. t/T.

020

111

22L

002

tr2

90"

40 .6

s9.8

0

23.2

LL

44

65

55

35

1.00

0.31

3.2L6

2.L24

L .944

1.6 5.87 0. L3

15
r_5

3

55

1L

Table 4.8 Data

on G4

of preferred orientation of FerAlr-Zn* based

in Table 4.3 (450"C, 512 s) .

hkl ror"I drA ro l/1"

200

020

111

310

22).

002

311

'r ?n

1.L2

022

t32
223

90"

90

40.6

90

59.8

0

60.9

90

23.2

33.2

45 .6

29.8

3. 825

3.208

2.36s

2.L22

2.069

1.945

1.768

L.479

L.226

38

1L

44

9

65

55

r_00

30

20

20

13

11.1

4

6. r_5

2.22

55

9.2

8.31

1.66

1.66

2.77

0. r.4

0.24

r..00

0.09

0.24

0.08

0.08

0.2r

4

110

19

15

3

?

5

1.66 0.04

L2

99.2

16.5

15

3

3

J

r.4 0



Table 4.9 Data of preferred orientation of FerAIu-Zn* based

on G5 in Table 4.4 (450"C, 1024 s).

hkr g d, A ro ro ro r r/t.

020 90" 11_

3.206 3
111 40.6 44 2.4 8.8 0.2
22t 59.8 65

2.t20 15
002 0 ss ls 5s 1.00

tL2 23,2 L,946 35 3 3 11 0.31

Table 4. L0 Data of preferred orientation of FerAIr-Zn* based

on c4 in Tab1e 4.5 (450"C, 4096 s).

hkr g d, A ro r" r" r r/T"

200 90' 3.830 38 3 3 0.45 0.012

020 90 11
3.207 9

111 40.6 44 8.L t.2L 0.028
310 90 2.368 9 4 4 0.60 0.067

22L 59.8 65
2.I2L 380

002 0 s5 367.9 55 1.00
3l-1 60.8 100 18.6 2.78 0.028

2.066 2t
130 90 30

1t2 23.2 1.94s 35 20 20 3.00 0.083

022 33.2 r.769 20 3 3 0.45 0.023
L32 45.6 L.477 20 3 3 0.45 0.023

113 r_6 1_.358 4 3 3 0.45 0.113

223 29.8 L.225 13 5 5 0.75 0.058
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(oo2) T l3:::::#:
--tl- 512 seconds

(112) ---{- 1024 seconds

I1ZZS7 
--# 4096 seconds

I lrozzl
I | | (111)

\l I ltrgzl
I tgr r t (310) --
I r'| | /tnn\(1 13)_

o

0.0

q, deg.

Fig. 4.I Intensity ratios as a function of the angle between various
planes and (002) of FerAlu-Zn, present in coatings dipped at
450'C for times as indicated.

Except for the point corresponding to (310), Fig. 4.1 shows t.hat there
is clearly a preferred orientation of the Fe.Alr-Zn, such that (002) of the
phase is parallel to the substrate surface. The morphology of the inter-
metall-ic is, however, seen to be highly irregular (Fig. 3.1). With prolong-
ed hot dipping the structure has a higher degree of such preferred orienta-
tion. This can be seen by comparing the curve for 4096 seconds with those
for shorter dipping times. The higher degiree of preferred orientation cor-
responds to a slight.Iy more regular growth morpholog:y of the phase next to
the substrate as shown in Fig.3.1h. The preferred orientation of the Fe.Alu-

Zn, explains the omission of diffraction peaks from some planes which have

a high angle to (002).

The preferred orientation of FerAlu-Zn* here in Galfanizing follows that
found in aluminizing (see section l-.4,2') where the intermetallic is predomi-

nately Fe2Als. If the X-ray diffraction data of Lee and Kwon (43) for the
aluminide layer formed during hot dip aluminizing had been plotted in the
same manner as here, an extremely high degree of preferred orientation would

have been noted.

30 60

14z



4.1.3 The Effect of $.renching

As discussed in section 3.3, there is no difference in the growth

morphology of the intermetallic for the coatings cooled in air or quenched

after hot dipping. The X-ray diffraction results also show that the crystal
structures of the intermetallic phases present in the coatings cooled in air
and quenched after hot dippinq are exactly the same,' this can be seen by

comparing the results listed in Table 4.2 and 4.3 for air cooled specimens

to those listed in Table 4.L1 and 4.L2 for guenched specimens. The preferr-
ed orientation of FerAlr-znr present in the quenched coatings, similar to
that in coatings air cooled, is shown in fig. 4.2 (see 4.L.2 foc method of
data analysis).

g, deg.

Fig. 4.2 Intensity ratios as a function of the angle between various
planes aird (002) of FerAlr-zn. present in coatings dipped at
450"C for times as indicated and quenched after dipping.

o

30 9060

(oo2) ---{r- 258 seconds

-+ 512 seconds

l.trrrl
(31|1) (2oo)\
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Table 4.1-1 d-spacings and X-ray diffraction inten-
sities (Co xa radiation) for coating of
low carbon steel dipped at 450"C for
256 s and qr-renched after dipping.

Phase d-spacing

rAr

Peak Intensity (cps)

GO G]. G2

FerAIu-Zn,

FeAlr-Zn,

FeAIr-Zn, or Zn

Zn

Fe

002
0074
003
002

260 260 230

r.500 700 r.50

0 16 34

3.2L6

2.L24

1.950
? qqq

2.090

2 .472

2.027

Table 4.12 d-spacings and X-ray diffraction intensities (Co Ka

radiation) for coating of low carbon steel dipped
at 450"C for 5L2 s and quenched after dipping.

Phase d-spacing

rAr

Peak Intensity (cps)

GO G1 G2 G3 G4

FerAlr-Zn* 3.824

3.2L2

2.370

2,L22
2.069

r..949

t.7 69

L.225

t.2L4
4.044

3.545

2 .0J.9

00
00
00
00
00
00
00
00
00
00
03
04

0

2

0

44
79
3<2

85 t20
18 18

I 1L

22
53
44
00
40

0

0

0

0

3

3

I

FeAl3-zn,

744



Table 4.12 Cont.

FeAIr-Zn, or Zn

Zn

FE

Unidentified

2.09L
2.47 4

2.026
2.7 64

270 290

790 380

00
00

290

170

0

0

230 r.40

110 32

11 66

56

4.L,4 Surunary of the Results

In sunnary the results of the X-ray diffraction experiments carried out

on coatings dipped at 450"C have shown that:

1. The breakaway form of the intermetallic is FeAlr-Zn"

2. There is a FerAIr-Zn, phase which is present next to the substrate,

3. The FerAIr-Zn, has a preferred orientation of (002), i.€., the

growth direction of this intermetallic phase is <001> which is
perpendicular to the surface plane of the substrate,

4. The structures of the intermetallic phases present in coatings
quenched aft.er dipping are the same as ttrose present in coatings

cooled in air after dipping.

4.2 LATTICE PARAIIETERS OF Fe2Als-Znr

4.2.L Data CorparLson

Table 4.13 lists the interplanar spacings of Fe2Als-Zn, determined from

X-ray diffraction data on Galfanized coatings produced at 450"C. Data from

Harvey and Mercer (3?) and Urednicek and Kirkaldy (36) are also presented.

Increasing the aluminiurn content in the bath from around 0.2 wtt (data from

Harvey and. Mercer's 0.16 wtE and Urednicek and Kirkaldy's 0.t2, 0.L5' 0.22

wtt Al- baths) to 1.1 wtt (data fromUrednicek andKirkaldy's 1.1 wt*) seems

to be accompanied by a slight change of interplanar spacings and therefore

lattice parameters. A further increase to 5 wtt aluminum (data from this
investigation) does not appear to change the interplanar spacings.
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Table 4.L3 hkl and d-spacings of Fe2AIr-Zn, from this experiment compared

with calculated and previously published data.

CaI.l Harvey3, Urednicek{, A1: Gfns

hkl d A g' o.16rAt o.L2* 0.151 0.22+ 1.1r stAl
dA r/\ dA dA dA dA dA

110 4.936 90" 4.91 0 1

200 3.814 90 3.814 38 3.8L2 3.804 3.8L2 3.828 3.828
020 3.23s 90

3 .209 55 3.200 3 . 199 3 .204 3 .2LL 3 .ztt
l_11 3.2tL 40.6

310 2.368 90 2.354 9 2.368
22! 2.L3L 58. 9 2.!29 66 2.L296 2.t266 2.t296

2.L22 2.Lzt
002 2.LL5 Q 2.114 55 2.LL3
130 2.075 90 2.075 30 2.074 2.075

2.068 2.069
311 2.066 60.8 2.065 100

rr2 1.944 23.2 1.943 36

400 1.908 90 1.904 20

131 1.863 64.1 1.86s 3

022 t.770 33.5 L.770 20

330 'J, .644 90 L . 643 3

222 1.606 40.8 1.604 5

42t r_ . s32 68 . I t .531 l_0

r32 1_.481 45.9 L.482 20

402 L.4L7 47 .9 1.415 3

24]- 1.405 70.8 1.406 8

113 r_.355 16.1 t_.356 4'

223 L .224 29 .9

5I2 t.2L6 54.9

1?

1n

2.0636 2.0646

1.94s L.94L 1.946 L.947

L.758

L.478

1.358

r.225

1.2L4
313 L.2tt 30.8 16

l-. Lattice parameters derived from Harvey and Mercer's data:
a:7 . 533 A, b:6 .AiO A, c:a .229 A.

2. Angle between (hk1) and (002).
3. Harvey and Mercer,s data except for (2231, (5L21 and, (313) the intens-

ities of which are from the catculation for binary form.
4. Urednicek and Kirkaldy's data as in Appendix 1, d have been averaged as:

d:L(drxtrl /2t, where d, and Ir are d and I in different dipping time.
5. Data from diffractions on Galfanized coatings from this investigation.
6. Data was wrongly placed in Urednicek and Kirkaldy's article.
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4.2.2 Calculation of the Lattice Parameters

To calculate fattice parameters, interplanar spacings of (200) , (LLz),

(022) and (223) are used. There are two reasons for not using the other

interplanar spacings. First there is insufficient intensity from the peaks

like 310, l-32 and 113 which prevents a sufficiently accurate measurement of
the interplanar spacings. Second, a peak which arises from the diffraction
of two planes such as 002 and 221, 020 and 111, 22L and 002, 311- and 130'

5l-2 and 313 can not be used to calcul-ate the lattice parameters. Using the

same procedure as referred to earfier and outlined in Appendix 3, the

lattice parameters were found to be:

a:?.656 A, b:6.402 A, c:a.2at A

This set of Lattice parameters applies to the FerAlr-Zn* formed in a zlnc
bath containing (L.L-5) wtt Al. For FerAlr-Zn, formed in a zinc bath

containing' around 0.2 wtt AI the corresponding lattice parameters derived
from Harvey and Mercer's data (3f1 are:

a:7. 633 A, b:6.470 A, c:a.229 A

FerAlu-Zn, has a composition range. with the chanqe of composition the
lattice parameters of the crystal can change slightly. The slight change

of the lattice parameters described above therefore indicates that (a) the

composition of the FerAlu-Zn, formed during hot dipping in a zinc bath

containing around 0.2 wtt AI is slightly different from that formed in a

zinc bath l-.1 wt? AI bath, and (b) the composition of the FerAlr-Zn, formed

in 1.1 wtt Al-Zn is likely to be the same as that formed in 5 wt8 Al--Zn

bath.

In the 0.2 wt% Al-Zn bath, the FerAlu-Zn, is in equilibrium with the

melt (see Harvey and l"lercer's data on 0.1-6 wt% AL-Zn bath in Appendix 1).

Above a very sma1l aluminiurn cont.ent in the zinc melt, the melt becomes in

equiJ-ibrium with FeAlr-Zn, rather than FerAlr-zn,. The lower limit of this
aluminium content has not been determined but appears to be less than 1.71

wt? according to Urednicek and Kirkaldy (58) (Fig. 2.23). The composition

of Feralr-Zn, that is in eguilibrium with the 0 .2 wEZ AL-zn melt is different

from the composition of FerAlr-Zn, that is in equilibrium with FeAlr-Zn,.

This FerAIr-Zn, in eguilibrium with FeAIr-Zn, defines part of the reaction

I A'7



Path; the data of Table 4. L3 suggest that it is likely to be the same for
hot dipping in both 1.1- wtt Al-Zn and the Ga1fan (5 wtt AI-Zn) bath. It
also follows that, Iike the Galfan melt (5 wtt Al-Zn), the 1.1_ wtt Al-Zn
melt is in equilibrium with FeAI'-ZA,. In other words, the lower l-imit of
aluminium mentioned above is less than 1.1 wtt.

The new set of lattice parameters is used to calcul-ate a nerd set of
interplanar spacings which are listed in Table 4.14; the calculated inter-
planar spacings agree well with those from experiment. The table not only
explains the interpLanar spacing changes, but al-so the characteristics of
the following interplanar spacings:

d-2.I2L A is the most important interplanar spacing for the
structure. For the FerAlr-Zn, formed in (1.1-5) wtt AI-Zn baths,
the interplanar spacings of (22L1 and (002) are so close that
they can not be practically separated, while for the same phase

formed in a 0.2 wtt AI-Zn bath the two interplanar spacings are
far enough apart to be easily identified. In the former case the
experimentally determined value of d=2 .nL A is identical to the
calculated value for (002) . This is because there is a preferred
orientation present. Because the angle to (002) is high (59.80)

for (221) (d:2.!26 A) , its peak intensity when there is a

preferred orientation of (002) is only 10t of that when there is
no such preferred orientation (Fig. 4.1).

The experimentally d.etermined peak at d:3 .2n A is mainly due to
l-L1; this is because: (1) I,rrr,/I,oro,: 5.1 (from the calculation
for the binary form in section 2.4.3 and. Table A3.3) and (2') the
angLe to (002) for (111) is 40.6'while the angle to (002) for
(020) is 90" and therefore there is a greater reduction in
intensity for 020 than 111.

The experimentally determined peak aE d:2.069 A is mainly d.ue to
3L1,' this is because: (1) I.,',t/Irrror- 3.3 (from Harvey and Mercerrs
data) and (2') the angle to (002) for (311) is 60.8" while the
angle to (002, for (130) is 90". The reduction in intensity for
L30 is therefore greater than it is for 311.

The experimentally determined peak at d:1 .274 A is mainly due to

1.

2.

4.

r.lo



313; this is because: (1) r(3r3r/I(512r= L.5 (from the calculation
for binary form in section 2.4,3 and Table A3.3) and Ql the
angle to (002) for (313) is 30.8" while the angle to (002) for
(5L2) is 54.9". There is therefore a greater reduction in
intensity for 5L2 than for 313.

Table 4.l-4 d-spacings of Fe2Alu-Zn, formed during hot

in zinc baths which contain aluminium.

hkl qt

0.2 wt* AI

Calculated

(1-5) wt? Al
Calculated Experiment

200

020

l_ 1L

3r_0

22L

002

r.30

311

Lt2

022

L32

223

5r2
313

90"

90

40.6

90

s9. 8

0

90

60.8

23.2

33. s

45. 9

29.9

54.9

30.8

3. 8r.7

3.235

3.zLL
2.368

2.t3L
2.tls
2.075
2.066
t.944
L.770

1.481_

L.224

L.2L6

L.2LI

3.828

3.204

3.ztL
2.37t
2.t26
2.IzL
2.057

2.069
L .947

1.758

L .477

t.225
L.2L9

t.2L4

3. 828

3.2LL

2.368

2.t2L

2.069
L.947

1.?68

L.47I
t.225

t.2r4

1-. Angle to (002)

4.3 INCREJASING TBE DTFPING TEMPERJATT'RE

4.3.1 X-Ray Diffraction Data

Results of X-ray diffraction experiments on coatings dipped at tempera-

tures from 460"C to 575"C are listed in the following tables:

L. Table 4.15 for the coating dipped at 460'C for 185 seconds,

2. Tab1e 4.16 for the coating dipped at 480"C for 55 seconds,
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3.

4.

5.

6.

Table 4.L7 for the coating dipped at 490"C for 35 seconds,

Tables 4.18, 4.19 and 4.20 for coatings dipped at 490, 500 and

510"C for 20 seconds,

Tables 4.2I, 4.22, 4.23, and 4.24 for coatings dipped for pro-
Ionged dipping times,

Tables 4.25, 4.26 and 4.27 for coatings dipped at 520"C for 5, 15

and 20 seconds,

7. Tables 4.28, 4.29 and 4.30 for coatings dipped at 575"C for 7, l-0

and 20 seconds.

Table 4.15 d-spacings
radiation)
for 185 s.

X-ray diffraction intensities (Cr Ko

coating of L.C. steel dipped at 460"C

and

for

Phase d-spacing

tAr

Peak Intensity (cps)

Gl G2 G3 G4 G5

20
42

L78
52
32
00

308
35 r-0

3r. 82

002
003
0013
003
003
220
22

87 86 70

67 63 68

029

3.829

3.2L4
2.L22

2.070

L.949

3.544

2.0L7

2.089

2.475
2.026

0

0

0

0

0

0

<2

100

35

FerAlr-Zn,

FeAlr-Zn,

FeAIr-Zn, or Zn

Zn

Fe

1_50



Table 4.16 d-spacings and x-ray diffraction intensities
(Cr Kc radiation) for coating of low carbon

steel dipped at 480'C for 55 s.

Phase d-spacing

tAr

Peak fntensity (cps)

GO G]- G2 G3 G4

FerAlu-Zn,

FeAlr-Zn,

FeAIr-Zn, or Zn

Zn

Fe

3.831

3.ztL
2.L22

2,070

1.948

2.0r_8

2 .09L

2,476
2 .027

0

0

0

0

0

0

r.0 0

32

0

<2

3

t2
2

2

0<2
03
6ls
02
02
3<2

85 68

57 61

26

2

4

2L

2

3

46 13

37 13

L7 55

Table 4.17 d-spacings and x-ray diffraction intensi-
ties (Co Ka radiation) for coating of low

carbon steel dipped at 490"C for 35 s.

Phase d-spacing
tAr

Peak Intensity (cps)

GO G]. G2 G3

FerAIr-Zn, 3.831

3,2L3

2. r.r_8

2.066
1.944

1.768

L .477

L.225

t.2L2
3,542

2.013

002
067
0 r.00 r.70

0-r_5
01113
024
002
034
055
0<20
05

2

5

94

I
6

0

0

0

0FeAlr-Zn,
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Table 4.17 Cont

FeAlr-Zn, or Zn

zn

Fe

Unidentified

2.092
2.475

2.027

2.758

320 230

330 260

00
04

150 35

130 L7

r_3 85

75

Table 4.18 d-spacings and X-ray diffraction intensi-
ties (Cr XCr radiation) for coating of low

carbon steel dipped at 490"C for 20 s.

Phase d-spacing
rAr

Peak Intensity (cps)

GO Gl G2 G3

Fe.Alr-Zn,

FeA]-3-zn,

FeAIr-Zn, or Zn

Zn

Fe

Unidentified

0<2
0<2
09
0<2
03
0<2
o2

L20 72

81 155

00
0<2

2<2
42

45 25

64
64

38 18

39 2L

L7 60

32

3. 815

3.2L5
2.tL3
2.064
L.942
2.O32

2.0L4
2.087

2.47L
2.025
2.744

r52



Table 4.L9 d-spacings and x-ray diffraction intensi-
ties (Cr Ka radiation) for coating of low

carbon steel dipped at 500"C for 20 s.

Phase d-spacing

tAr

Peak Intensity (cps)

GO G]- G2 G3

FerAlr-Zn,

FeAlr-Zn,

FeAIr-Zn* or Zn

Zn

Fe

Unidentified

3.207

2.LL6
2.066
1.943

2.037

2.0L3
2.088

2,470

2.026
2.754

0

0

0

0

0

0

77

46

0

0

<2

T4

2

<2

2

74

t25
0

0

53
150 6s

64
74

l_5

1l_

70

2

32

25

I
4

Table 4.20 d-spacings and X-ray diffraction intensi-
ties (Cr Kd, radiation) for coating of low
carbon steel dipped at 510"C for 20 s.

Phase d-spacing

tAl

Peak fntensity (cps)

GO G]. G2 G3

FerAlr-Zn*

FeAIr-Zn,

FeAIr-Zn* or Zn

Zn

Fe

Unidentified

3.215

2.1 15

2.065

L.942

2.0L2
2.089

2.47 4

2.026
2.7 44

0

0

0

0

r.35

70

0

n

0

t:

<2

3

80

]20
0

0

40
330 48

40
60

33s
19 4

19 83

40

l_53



Tab1e 4.21 d-spacings and x-ray diffractlon intensi-
ties (Co Ko radiation) for coating of low

carbon steel dipped at 470'C for 900 s
(prolonged dipping).

Phase d-spacing
tAl

Peak Intensity (cps)

GO Gl G2 G3

FerAIu-Zn,

FeZn.o-Al"

FeAJ.r-Zn,

FeAl"-Zn, or Zn

Zn

Fe

Unidentifled

3. 8r.9

3.2t0
2.363

2.L2L

2.065

1. 945

1.769

t.479
1 .3s8

L.225

L.2L4

2.t90
4.040

3.537

3.342
3.27 4

2.015

2.090

2.476
2.026
2.7 46

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

5

400

280

0

0

05s
01311
042

L60 1000 520

-2719
7252L
064
030
042
075
0106
003

31 00
1900
500
s00

2005-
250 1s0 82

100 80 20

01192
0L211

154



TabLe 4.22 d-spacings and X-ray diffraction intensities
(Co Kct, radiation) for coating of low carbon

steel dipped at 490"C for 300 s (prolonged

dipping) .

Phase d-spacing

rAr

Peak Intensity (cps)

GO G]- G2 G3 G4

FerAIu-Zn,

Feznlo-AIy

FeAlr-Zn,

FeAIr-Zn, or Zn

Zn

Fe

Unidentified

00
00
00
034
00
00
00
00
00
00
00
00
00
.07
07
845

420 290

1-50 220

00
00

353
872L3
43<2

1s00 2700 660

2L 33 r.8

19 24 20

454
342
443
465
7 10 5

007
004

19 0 0

800
r.Lo 7 -
82-54
74 t20 46

08100
L2 14 L2

3.818

3.209

2.363
2.Ltg
2.067

L.944

I.767
L .471

1 .356

L.224

L.2L2

2.L92
L.4L2

4.029

3. s30

2.0t2
2.09r
2.477

2.028

2.739

1s5



Table 4.23 d-spacings and X-ray diffractlon intensitLes
(Co Xct radiation) for coating of low carbon

steel dipped at 500"C for 170 s (prolonged

dipping) .

Phase d-spacing

tAr

Peak Intensity (cps)

GO Gl G2 G3 G4

FerAlr-Zn,

FeZnro-A1"

FeAlr-Zn,

FeAIr-Zn, or Zn

Zn

FE

UnidentifLed

000
006
004
- 57 1950

0023
0020
003
003
005
004
007
000
000
0623
057
- II

5 29 L25

430 350 150

220 2s0 170

000
0013

42
Ll 8

4<2
5000 2550

42 25

23 r_9

64
42
43
55
96
09
05
00
00

<10

-30
250 54

11 95

15 11

3.820

3.209

2.364
2.tL9
2.067

L.944

1.768

L.478

1 .358

L.226

L.2L3

2.t90
1.411

4.024

3. 534

2.036
2 .013

2.092
2.478
2.027

2.750

r.5 6



Table 4.24 d-spacings and x-ray diffraction intensities
(Co xo radiation) for coating of low carbon

steel dipped at 510"C for 90 s (prolonged

dipping) .

Phase d-spacing

rAr

Peak

GO G]-

Intensity (cps)

G2 G3 G4

FerAIr-Zn,

FeZnro-Al,

FeAlr-Zn,

FeAIr-Zn, or Zn

Zn

Fe

Unidentified

00
00
00

160

05
00
00
00
00
00
00
00
05
05

.a

s33
7 60 590

220 240

00
00

020
89s
420

5500 8r-00 26s0

40-25
23 20 r.0

440
330
330
320
972
0513
055
000
000

13

375 150 L25

50 48 28

0 4r- t25
15136

3. 8r.4

3.2L2

2.3s9

2.LLg
2.067

L.944

1.769

1.478

1 .358

L.224

t.2L2
2.L94
t. .411_

4.034

3.532
2.039
2.0L2
2.09L
2,475
2 .026
2.7 46

t57



Table 4.25 d-spacings
sities (Cr

Iow carbon

and x-ray diffraction inten-
K€r radiation) for coating of
steel dipped at 520'C for 5 s.

Phase d-spacing Peak

tAt co

Intens j.ty (cps)

Gl G2

FerAIr-Zn,

FeAIr-Zn, or Zn

Zn

Fe

020
033L0
030
030

L50 40 5

350 r.30 L4

0 27 110

3.218

2.tL6
2.063
L.944

2.089
2.4',14

2.024

Talrle 4.26 d-spacings and X-ray diffraction j-ntensi-

ties (Co KCr radiation) for coating of low

coabon steel dipped at 520"C for l-5 s.

Phase d-spacing
tAr

Peak Intensity (cps)

GO Gl G2 G3

FerAlr-Zn*

FeZnro-AI,

FeAIr-Zn*

FeAI.-Zn, oE Zn

Zn

Fe

Unidentified

00
060

03
00
00
00
00
03

2L0 220

270 300

00
00

63
r.950 2450

L4

16 5

30
40
60

::
89

84 26

744
L24

3.2L0

2.IL9
2.066
L.946

L.770

1..224

L.zLL

2.187

2.0r2
2.092
2.475
2.028

2.749

L58



Table 4.27 d-spacings
sities (Cr

Iow carbon

and X-ray diffraction inten-
Kcr radiation) for coating of
steel dipped at 520"C for 20 s.

Phase d-spacing Peak Intensity (cps)

tAl co ct c2

FerAIr-Zn,

FeAIr-Zn, or Zn

Zn

Fe

Unidentified

0<22
0 200 s00

0-4
043

t25 54 2L

68 61 L2

0 r_0 51

022

3.208

2,LLg
2.064
1.945

2.088

2 .472

2.026
2.754

Tab1e 4.28 d-spacings

sities (Cr

low carbon

and X-ray diffraction inten
Kc radiation) for coating of
steel dipped at 575"C for 7 s.

Phase d-spacing Peak Intensity (cps)

tAl co G1 cz

FerAlr-Zn,

FeAIr-Zn, or Zn

Zn

Fe

3.206

2.TLz

2. 0s8

L.942

2.089
2 .472

2.025

0

9

0

<2

70

297

0

<2

2t0
3

3

2

84

3

5

62

97

5

7

30

159



Table 4.29 d-spacings and X-ray diffraction inten-
sities (Cr KCr radiation) for coating of
Iow carbon steel dipped at 575'C for L0

Phase d-spacing Peak Intensity (cps)

tAl Go cr. c2

FerAIu-Zn,

s.

FeAlr-Zn, or Zn

Zn

Fe

03<2
5 r.4 0 500

0-5
043

23 55

300 160 10

0020

3.204

2.TL2

2.057

L.942

2.088

2 .470

2.027

Table 4.30 d-spacings and X-ray diffraction intensities
(Co Ka radiation) for coating of low carbon

steel dipped at 5?5'C for 20 s.

Phase d-spacing

rAl

Peak Intensity (cps)

GO G]. G2 G3 G4

FerAIr-Zn,

FeZnro-A1"

FeAIr-Zn,

FeAIr-Zn, ox Zn

Zn

Fe

Unidentified

00
0 270

0-
04
00
00
00
00
00
00
0-

73 r.70

t200 820

00
44

42
1700 430

15 6

L24
20
30
30
00
00

82 2L

L7 110

1.L 4

3 .208

2.It6
2.058

r.942
r.224
L.214

2.L90

4.052

3. 970

2.036
2.OLL

2.092

2.475
2.026
2.736

0

940

11

3

4

0

4

4

9

3

95

3s0

0

8

L60



4.3.2 Ttrree Fe-A].-Zn Interiletallic Phases

As discussed previously (section 3.21 , when the dipping temperature
increases, the morphology of the intermetallic phases in the coating changes

from being irreg'ular breakaway to layered. The results of the X-ray dif-
fraction experiments show that the intermetallic layer consists of Fe2Als-

Zn* and FeAlr-Zn,; the third phase formed when coatings are hot dipped for
a long time at high temperature is FeZnro-Alr. Each phase with its group of
interplanar spacings is discussed below:

&AL-Zn,

The following interplanar spacings which belong to FeAl.-Zn* were

recorded when X-ray diffraction experiments were run on coatings produced

at, temperat,ures up to 575'C:

1. d:4.04 A i.r t"ff es 4.2!, 4.22, 4.23, 4.24 and 4.30,

2. d:3.97 A in raUre 4.30,

3. d:3.54 A in Tables 4.L5, 4.L7, 4.2L, 4.22, 4.23 and.4.24,

d:3.34 A i.n t"Ute 4.27,

d:3.27 A in rarre 4.2r,

d:2.036 A i.r Tables 4.18, 4.tg, 4.23, 4.24 and. 4.30,

d:2.015 A in tantes 4.15 to 4.24, Table 4.26 and.4.30.

The peaks with the interplanar spacings described above appeared when the
diffraction was from the outer portion of the coating. However they were

normally absent at the surface of the coating. The stronger peaks for the
coatings produced by prolonged hot dipping (Tables 4.2L, 4.22, 4.23 and

4.24) indicate that there was a larger amount of the phase in these cases.

None of the interplanar spacings of FeAlr-Zn, were recorded in coatings
dipped at 520"C for 5 seconds (Tabl-e 4.251 and 20 seconds (Table 4.27), or
for those produced at 575"C for 7 seconds (Table 4.28) and 10 seconds (Table

4.29) . This probably indicates that the amount of FeAlr-Zn* is less in these
hot dip conditions. However it should be noted that the Cr KCr radiation,
which produces peaks with lower intensities, was used in those experj-ments.

4.

E

6.

1
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EgrAl.u-Zn-

The existence of FerAIr-Zn, is clearly shown in diffraction experJ.ments

on all the coatings produced at temperatures up to 575"C. The recorded

interplanar spacings (averaged) are:

1. d=3.82 A ir, Tabtes 4.15 to 4.L7, Tables

2, d:3.210 A in aff experiments,

3. d:2.118 A it all experiments,

4. d:2.06e A in all experiments,

5. d:1.944 A in aIl experiments,

6. d:L.?68 A i.tr Table 4.77, Tab1es 4.2L to

7. d=L.47g A in Table 4,!7, Tables 4.2L Eo

8 . d:1 . 35? A in Tabtes 4 .2L to 4 .24,

g. d:L.225 A itr all experiments when Co Kcr radiation was used,

10. d=L.213 A in aII experiments when Co Kct radiation was used.

All the results of X-ray diffraction experiments suggest that the Fe2Als-

Zn, phase is present in the coatings next to and extending outwards from the
substrate.

FeZn,"-A1..

As has pointed out previously (section 3.21, at high temperatures a

third phase forms partj-cularly at the intermetallic-substrate interface
after a set dipping time. this phase is i'somorphous wittr E'eznro (6, phase),

as identified by the peak of d:2.190 A (Gellings's data in Appendix 1). The

d:2.136 A of Gellings's data is obscuredby the 002 peak of Fe.Alr-Zn,whose

intensity is extremely high. The intensity of the peak of d=2.L90 A of
FeZnro-Al" is dependent on the dipping temperature as shown in Table 4.31.
Higher dipping temperatures favour the formation of the phase. At tempera-

tures higher than 520oC, the phase can be detected in coatings produced by

dipping for less than 20 seconds (Tables 4.26 and 4.30). A peak at a

interplanar spacing of L.411 A is detected in coatings dipped at 500oC for
170 seconds and 510"C for 90 seconds. This interplanar spacing is not

reported by Gellings et al (11).

4.2L Eo 4.24,

4 .24, Table 4 .26,

4 .24,

t62



Table 4.31 Dipping temperature, dipping
intensity of a peak (d:2.190

time and the
Al of FeZnro-A1r.

Dipping temp., oC Dipping time, s Intensity, c/s

450

470

490

s00

510

4096

700

300
'l ?n

90

<2

1

J

L3

The formation of this FeZnro-Al" phase, particularly at the intermetal-
l-ic interface, is predicted by the phase relations as in the Fe-AI-zn
t.ernary system (Fig. 2.231. As suggested earlier (section 3.21 , at high
temperature, as the coLumnar layer of the FerAlr-Zn, phase grows thicker the
diffusion of aluminium across the FerAlu-Zn, layer becomes more linited.
Further growth of t,he FerAlr-Zn, towards the substrate will inevitably lead
to the depletion of aluminium in the FerAlr-Zn* phase and therefore the
formation of the FeZnro-Al, phase. At low dipping temperature such as at
450'C, there are the following growth characteristics:

L. The growth of the FerAIr-Zn, is slow,

2. The intermetallic is highly broken and aluminium from the meft

does not need to diffuse through a thick layer to accommodate the
growth of the FerAlr-Zn, towards the substrate.

the FeZnro-AI, phase need not form at low temperature and this is
why the phase is almost undetected even in coatings hot dipped

as longi as 4096 seconds at 450"C (Table 4.5).

Therefore

the reason

for times

The effect of cruenchi-nq

The X-ray results aqain show that there is no essential difference in
structural characteristics of the intermetallic phases present in coatings
cooled in air and guenched in ice water after hot dipping at temperatures

from 490"C to 575'C. This can be seen by comparing' the X-ray diffraction
data as given previously in this section for coatings cooled in air to the

data listed below for the quenched coatings (Tab1es 4.32, 4.33 and 4.34).
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However, the peak (d=2.fgg Al of FeZnro-Al, is considerably higher in the
diffraction data from quenched coatings (Tables 4.33 and 4.34) than it is
in the data from coatings which were air cooled (Tables 4.26 and 4.30).
This may suggest that, after withdrawal from the Galfan bath, the FerAlr-
Zn, grows further at the expense of FeZnro-AI, while the sample is cooled in
air.

Table 4.32 d-spacinqs and x-ray diffraction inten-
sities (Co Ka radiation) for coating of
low carbon steel dipped at 490'C for
20 s and quenched after dipping.

Phase d-spacing Peak Intensity (cps)

tAl co ci. c2

FerAIu-Zn,

FeAIr-Zn,

FeAIr-Zn, or Zn

Zn

Ti'a

Unidentified

3.8L2
3.2t3
2.1t6
2.066
L.947

1.768

L.225

t.2L2
3. s30

2.042
2.022

2.090
2 .47t
2.026
2.7 49

002
007
0 55 800

0-13
0 4 11

003
003
005
020
03
05

280 280 94

1100 330 32

0 0 45

008

L64



Table 4.33 d-spacings and X-ray diffraction inten-
sities (Co Ka radiation) for coating of
Iow carbon steel dipped at 520"c for
10 s and quenched after dipping.

Phase d-spacing Peak fntensity (cps)

tAt co GL cz

FerAlr-Zn*

FeZnro-Al,

FeAlr-Zn, or Zn

Zn

Fe

034
0 30s 2000

0 - 18

0 7 10

00<2
030
009

260 225

2300 r.55 22

0068

3.211

2.TL?

2.064

L ,942

t.7 69

t.ztt
2.L89

2.09L
2 .473

2.027

Table 4.34 d-spacJ.ngs and x-ray diffraction inten-
sities (Co X radiation) for coating of
Iow carbon steel dipped at 575"C for
7 s and quenched after dipping.

Phase d-spacing
(A)

Peak Intensity (cps)

GO Gl G2

FerAlu-Zn,

FeZnro-AI,

FeAlr-Zn, or Zn

Zn

FE

05<2
0 240 480

017L4
01010
020
022
02<2
02r.0

290 180

660 220 22

0087

3.'2og

2.1,L4

2.059

L.942
L.479

L.224

L.2T3

2.L89

2.087

2.475

2.027
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4.3.3 Preferred Grovrth of Fe.Alr-Zn,

The preferred orientation of the FerAlr-Zn, in the Galfanized coatings
of low carbon steel dipped at temperatures from 460"C to 575"C is represented
in Fig. 4.3 to Fig. 4.9, the data of which are derived from data listed in
Tables 4.1-5 to 4.30 (see section 4.1-.2 for data analysis) .

In Fig. 4.3 a preferred orientation plot II/I. rs Q) is presented for
three experimental runs for the same coating (450'C, 1-85 s). The curve for
Grinding 3 is for FerAls-znx present in the coating further away from the
substrate than that represented by the curve for Grinding 5. This figure
shows that the degiree of preferred orientation does not seem to vary
significantly with the position of the FerAIr-Zn. in the coating. This can

again be seen in Fig. 4.4 which is for a coating dipped at 490"C for 35

seconds. Longer dipping time produced higher degree of preferred orientat-
ion of FerAIr-Zn* as shown in Fig. 4.5 (490'C), Fig. 4.5 (520'C) and Fig. 4.7
(575"C).

30
Q, deg.

Fig. 4.3 Intensity ratios as a function of the angle between various
planes and (002) of FerAlr-Zn, present in coatings dipped at
460"C for 185 s. The FerAlr-Zn, is present further away from

the FerAlr-Zn,-substrate interface in Grinding 3 than Grinding
4 and 5.

o

0.0
60 90

(OO2) dt- Grinding 3

-- 
Grindins4

lt- Grinding 5
(112)
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Fig. 4.4 Intensity ratios as a function of the angle between various
planes and (002) of FerAlu-zn* present in coatings dipped at
490"C for 35 s. The FerAlr-Zn* is present further away from

the FerAls-Zn,-substrate interface in Grinding 1 than Grind-
ing 2 and 3.
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Fig. 4.6 rntensity ratios as a function of the angle between various
planes and (002) of FerAlr-znx present in coatings dipped at
520"C for times as indicated.
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Fig. 4.7 Intensity ratios as a function of the angle between various
planes and (002) of FerAlr-zn, present in coating's dipped at
575"C for times as indicated.
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Intensity ratios as a function of the
planes and (002) of FerAlr-Zn, present
490, 500 and 510"C for 20 s.
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fig. 4,9 Intensity ratios as a function of the
planes and (002) of FerAlr-Zn, present
prolonged dipping times.

o

angle between various
in coatings dipped at

angle between various
in coatings dipped for

30 60

-----!t- 490.C
+ 500'c
--*- 510 0c

(111)

I (2oo)

(oo2) 450 "C, 4096 s
470 "C,900 s
490 0c, 300 s
500 0c, 170 s
510 0c, 90 s

(31 1) ,^1:lol

169



As discussed before (section 3.2), with the increase of temperature
(from 490 to 5L0'C), the morphology of the intermetallic growth changes from
predominantly breakaway growth to predominantly layered growth. For
coatings produced at high temperatures, the layered growth is columnar in
nature. Table 4.18, 4.L9, 4.20 and Tabl-e 4.2t, 4.22, 4.23, 4.24 correspond-
ingly show the increase in intensity of the peak of d:2.11 A but not nece-
ssarily other peaks with an increase of dipping temperatures, indicating the
higher preferred growth in the direction of <001>. The degree of the
preferred growth of the FerAlr-Zn*, i.e., the growth with a direction of
<001> towards the substrate, increases with the increase of hot dipping
temperature as can be clearly seen in Fig. 4.8 and Fig. 4.9 and by compar-

ing the data plotted in Fig. 4.7 to that in Fig. 4.6 and 4.5.

4.3.4 Lattice Parameters of Fe2Alr-Zn*

In Figs. 4.10 to 4.20, the experimentally determined interplanar
spacings of the Fe.Alr-Zn, present in the coatingis on low carbon steel are
plotted against the hot dipping temperature. For comparison, the inter-
planar spacing (2.026 Al of the highest j-ntensity peak of the substrate
against the dipping temperature is also plotted in Fig. 4.2L.

3.834

3.829

3.824

3.819

3.814

3.809

3.804
440 460 480 500 520 s40 560 580

Temperature, oC

d

Fig. 4.10 d-spacing
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fig. 4.15 d-spacing (L.9SS Al of FerAlr-Zn, present in coatings of
low carbon steel as a function of dipping temperature.
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Fig. 4.19 d-spacing (L.225 A) of Fe2AIr-zn, present in coatings of
low carbon steel as a function of dipping temperature.
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rig. 4.21 d-spacing (2.026 A) of the substrate plotted against the
dipping temperature.

Some interplanar spacings of FerAlu-Zn, seem to change slightly with
increasing hot dipping temperature as shown from Fig. 4.10 to 4.20; this
indicates a slight change of the lattice parameters. To calculate the
lattice parameters of Fe2AIs-Zn* present in coatings dipped at 575"C, peaks

of d:3.207 A diffracting from LLL, d:2.113 A from 002, d:2.059 A from 3tt,
d.:1.209 A t.o* 313 together with d:I.942 A fro* 112 were used. As described
in a previous section (4.2.21, in the peaks where two planes contribute,
i.e., O2O and 111, 221 and 002, 130 and 311, the intensities contributed
from 020, 22L and 130 of FerAlr-Zn, in coatings dipped at 450"C is very small
because of the preferred orientation of (002) of the phases. Diffraction
of 020, 221 and 130 can therefore be ignored in coatings dipped at 575"C

because of the hig'h degree of preferred orientation of (002) (section
4.3.3). Other peaks have not sufficient intensity and therefore can not be

used to calculate the lattice par€rmeters with high confidence. Using the
procedure outlined previously and described more fu1ly in (Appendix 3), a

set of lattice parameters of FerAlr-Zn, in coatings dipped at 575'C is
obtained:

d
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a-7.595 A, u:e.aog A, c:a.226 A

rhis is different to the set of that at 450"C which is:

a=?.656 A, u-g.407 A, c=4.24L A

The new set of lattice parameters are used to calculate a new complete set

of interplanar spacings and these are Iisted in Table 4.35' where the data

calculated for 450'C and the data from experiments (450"C to 575"C) are also

listed. The table shows the close agreement of the th'o sets of data.

Table 4.35 (hkl) and d-spacings tAl of FerAIr-Zn' formed

at two temperatures in Galfan bath.

Calculated
hkr q 450'c 575"C

Experiment
(450-575"C)

200 90" 3.828 3.797 3.828-3.807 (riS.4.10)
020 90 3.204 3.234

l"L j. 4t 3.2Lr 3.207 3 .2LL-3 .207 (Fig. 4 . 11)

310 90 2.31L 2.357 2 .368-2.353 (FiS. 4.L2)

22L 60 2.L26 2.127

oo2 o 2.L2L 2.LL3 2.t2L-2.LL3 (Fig.4.L3)

311 61 2.069 2.058 2.069-2.0s9 (ris' 4 'L4l
130 90 2.057 2.074

LL2 23 L.947 I.942 1.947-L.942 (riS. 4.15)

022 34 L.768 t.769 I.768'L.769 (Fig.4.16)
L32 45 L.477 1.480 L.478-L.478 (Fig. 4.L7)

113 16 1 .358 1.3s4 1.359-1.358' (FiS. 4.18)

223 30 I.225 L.223 L .225-L.224 (Fig. 4.L9')

5t2 55 L.2t9 L.2LL

313 3l_ L .2r4 L.209 L .2t4-L.209 (Fig. 4.201

*. There is a lack of data for this plane.

As discussed previously (section 4.2.21, the slight change of the

Iattice parameters and therefore the interplanar spacings of FerAlr-Zn* that

forms a zinc bath containing different levels of aluminium is likely to be
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the result of the difference in composition of the phase. The composition

of FerAIr-Zn, formed during Galfanizing is also likely to change slightly
with dipping temperature, resulting in the slight change of lattice
parameters and therefore interplanar spacings.

4.3.5 Surrrrary of the Results

In summary the results of the X-ray d.iffraction experiments carried out

on coatings Galfanized at temperatures from 450"C to 575"C trave strown that:

1. The Fe.AIr-Zrr, and FeAIr-Zn, found to be present in coatings dipped

at 450"C are present in coatings dipped at aII temperatures within
the range,

2. There is a Feznro-Aly phase present next to the substrate in
coating:s dipped for a long time at higher temperatures,

3. When the dipping temperature is .lncreased, the degree of prefer-
red orientation of the FerAIr-Zn* phase increases,

4. There is a slight change of lattice parameters and therefore of

interplanar spacings of FerAlr-Zn, as shown in Table 4.35.

4.4 THE EI"EECT OF SITICON IN TEE SUBSTRAIE

4.4.L X-Ray Diffraction Data

The following tables (Tables 4.36 to 4.44) are the results for X-ray

diffraction of Galfanized coatings where substrates.were steels containing

silicon (0.1 wtt, 0.5 wt?, and 1.58 wt?). Samples were hot dipped at 450"C,

 gO"C, 520"C and air cooled after hot dipping. Co Kcr radiation was used for

x-ray diffraction exPeriments.
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0.1 wtt Si steel

Table 4.36 d-spacings and X-ray diffraction intensities
(Co Kc radiation) for coating of 0.1 wtt Si

steel diPPed at 450"C for 2l-00 s.

Phase d-spacing

tAr

Peak Intensity (cps)

GO G]. G2

FeAlr-Zn*

FeAIr-Zn, of Zn

Zn

Fe

054
055
04<2
055
043

1 45 L25 45

r.300 660 150

<16 93 200

4.031

3. 951

3. 687

3.530

3.332

2.09L
2.475
2.025

Table 4.3? d-spacings and x-ray diffraction intensities
(Co Kcl radiation) for coating of 0.1 wt* Si

steel diPPed at 490'C for 720 s.

Phase d-spacing

tAr

Peak Intensity (cPs)

GO Gl G2

FerAIr-Zn,

FeAl3-zn,

FeAlr-Zn, of Zn

Zn

Fe

2.L24
1.9s3

4.030

3 .964

3. 532

3. 331

2.087

2.476
2.026

0020
004
047
0 5 10

042
0<24

170 235 20

1040 680 L2

<8 <22 l-80
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Table 4.38 d-spacings and X-ray diffraction intensities
(Co ro radiation) for coating of 0.1 wtt Si
steel dipped at 520'C for 30 s.

Phase d-spacing
rAr

Peak rntensity (cps1

GO G1 G2

FerAlr-Zn,

FeAlr-Zn,

FeAIr-Zn. or Zn

Zn

Fe

3.2L8
2.t25
1.953

4.030

3. 951

3.691

3. 540

3.333

2.090

2.475
2.026

0

0

0

0

0

0

0

0

350

r_50

<3

04
013
04
35
23
03
36
03

370 2t0
290 135

<8 79

0.5 wt? Si steel

Ta-ble 4.39 d-spacings and X-ray diffraction intensities
(Co Xcr radiation) for coating, of 0.5 wtt Si
steel dipped at 450'C for 2940 s.

Phase d-spacing
rAr

Peak Intensity (cps)

GO G]- G2

FeAlr-Zn*

FeAIr-Zn, or Zn

Zn

Fe

4. 033

3. 953

3 .535

3.334

2.089
2 .47L

2.02s

0

0

0

0

140

1L40

<5

65
65
64
33

160 42

500 L25

185 400
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Table 4.40 d-spacings and X-ray diffraction intensities
(Co xa radiation) for coating of 0.5 wtt Si
steel dipped at 490'C for 840 s.

Phase d-spacing

tAr

Peak Intensity (cps)

GO G1 G2

FerAIr-Zn,

FeAlr-Zn,

FeAIr-Zn, or Zn

Zn

Fe

2.124
r. vf,5

4.030

3. 951

3.532
3.334

2.086
2.469

2.026

0015
002
048
0 5 l-L

042
037

180 3r.0 22

L060 660 28

<5 <24 350

Table 4.41 d-spacings and X-ray diffraction intensities
(Co Kct, radiation) for coating of 0.5 wtt Si
steel dipped at 520"C for 180 s.

Phase d-spacing

rAr

Peak Intensity (cps)

GO Gl G2

FeAlr-Zn,

FeAIr-Zn, or Zn

Zn

Fe

.4 . 030

3. 970

3.687

3.537

2.089

2.473
2.025

0

0

0

0

320

s50

<6

35
07
02
05

380 24s

400 280

<9 220
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l- .58 wtt Si steel

Iable 4.42 d-spacings and X-ray diffraction intensities
(Co Kct radiation) for coating of 1.58 wtt Si
steel dipped at 450"C for 1560 s.

Phase d-spacing
rAr

Peak Intensity (cps)

GO Gl G2

FerAlr-Zn,

FeAIr-Zn.

FeAlr-Zn, or Zn

Zn

Fe

2.L23
4.030

3.964

3. 540

3. 338

2.09L
2.476
2.028

01012
065
057
043
035

83 L25 28

1740 820 L20

<l_6 L25 205

Tab1e 4.43 d-spacings and X-ray diffraction intensities
(Co xcr radiation) for coating of L.58 wtt Si
steel dipped at 490"C for 1080 s.

Phase d-spacing

tAr

Peak fntensity (cps1

GO G1 G2

FerAIr-Zn,

FeAIr-Zn,

FeAIr-Zn, or Zn

Zn

FE

2.L25
4.030

3. 951

3. s30

3. 334

3.256
2.089

2.472

2,027

009
075
076
062
063
030

155 220 10

1400 460 r_0

<9 <25 205
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Table 4.44 d-spacings and X-ray diffraction intensities
(Co Ka radiation) for coating of 1.58 wtt Si
steel dipped at 520"C for 180 s.

Phase d-spacing Peak Intensity (cps)

tAl Go c1 c2

Fe.AIr-Zn, 2.t25 0 0 9

FeAIr-Zn, 4.030 0 4 4

3.961 0 5 4

3.540 0 5 4

3.338 0 3 3

FeAlr-Zn, or Zn 2.089 230 L70 15

zn 2.47L 1100 450 22

Fe 2.026 <7 38 200

4.4.2 fwo Intermetallic Phases

The results of the X-ray diffraction experiments for three steel sub-
strates containing silicon also indicate the existence in the coatings of
two intermetallic phases isomorphous with FeAIr-Zn, and FerAlr-Zr.,. However,

the relative amount of these two phases, as shown in the X-ray diffraction
patterns, are remarkably different from those obtained when a carbon steel
substrate is used, this can be seen by comparing ta-bles in this section to
those in section 4.1- (Tables 4.1 to 4.5 and Tables 4.18 to 4.271 .

FeAlr-Zn,

The structure isomorphous with FeAl3 hras present in the Galfanized,
coatings when all three kinds of steeL substrates containing silicon were

dipped at 450"C, 490'C and 520"C. This was determined by the following
interplanar spacings:

L. d:4.05 A in aff experiments.

2. d=3.96 A in aff experiments.

3. d:3.69 A in r.ute 4.36 (0.1 wtt si, 450"c) andTable 4.41 (0.5 wtt
si, 520"c).
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d:3. 54 in all experiments.

in all experiments except in Table 4.4L (0.5 wtt Si5. d:3.34
520"C).

The peak at 2.020 A was not clearly identified because of being mixed with
that at d:2.027 A for the substrates. A11 the coatings when steel contain-
ing silicon was used were relatively thin and the peak of d:2.027 A from the
substrate appeared even for the diffraction from the coating surface.

The sequence of the peak intensities of d:4.05, 3.55, 3.96 and 3,34 A

(Table 4.36 to 4.44) for the phase isomorphous with FeA13 also indicates a

slight difference in location of the phase present in the Galfanized
coatings at three dipping temperatures:

At 450"C, as shown in Tables 4.36, 4.39 and 4.42, the phase

appears near the coating-substrate interface, where the diffrac-
tion peak (d:2.OZO At of the substrate is intense alread.y (G1) t

this corresponds with what has already been discussed (section

3.4.2) that at 450"C the intermetallic arowth is extremely slow

and the intermetallic only appears next to the substrate,

At 490"C, as shown in Tables 4.37, 4.40 and 4.43, the phase

appears from the mid-portion of the coating to near the coating-
substrate j-nterface, i.e., the phase which is the layered break-
away intermetallic (section 3.4.2't ,

3. At 520"C, as shown in Tables 4.38, 4.41 and 4.44, the phase

appears mostly from the mid-portion of the coating to near the
coating-su.bstrate, i. e. , the irreg-ular breakaway intermetallic
for the coatings of 0.1 and 0.5 wt* Si steels and layered break-
away intermetallic for the coatings of 1.58 wt? Si steel.

Fe2Al-5-Zn*

Though the peaks were weak and did not appear in diffraction runs as

listed in Tabl-es 4,36, 4.39 and 4.4I , the structure isomorphous with Fe2A15

was also identified mainly by the peak at d:2.1,24 A in Oiffraction runs as

listed in Ta-bles 4.37, 4.38, 4.40, 4.42, 4.43 and 4.44. The interplanar
spacing of 2,124 A, for the phase does not seem to change over the experi-
mental- dipping temperatures; this is different from the case of the fow

carbon steel- substrate, the interplanar spacing change from 2.IZLA at 450"C

A

A
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Summarv

Eo 2.1L3 A at 575"C.

As can be seen from the peak intensities for the intermetallic phases

reported in Table 4.36 to Table 4.442

1. The amount of the phase with a structure isomorphous with Fe2AIs

present in the coatings is small and the phase is only present

immediately adjacent to the substrate.

2. The ratio of the amount of the structure isomorphous with FerAl,

to the amount of the structure isomorphous with FeAI, also seems

to be considerably less, in comparison with that for Galfanized
coatings of low carbon stee1.

The peak intensities of the interplanar spacings of the phase isomorphous

with Fe2Al, are in this case too low to estimate the preferred orientation
in the phase.

The results of X-ray diffraction experiments carried out on Galfanized
coatings of steel substrates containing silicon have shown that:

1. The phases isomorphous wi.th Fe2AIs and FeAI, found in coatings on

the low carbon steel substrate are also present in coatingts on

the three substrates containing silicon,

2. The amount of the phase isomorphous with FerAl, present in the
coatings of the substrates containing silicon is significantly
l-ower than that found in coatings of low carbon stee1.

r.85
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