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- ABSTRACT

This thesis is concerned with determination of the nature and
growth characteristics of the intermediate phases formed on iron galvanized
in Al=bearing Zn at 450%, Long time equilibrium experiments have been
carried out to explain the nature of intermetallic phases and their equilibria
in The system Fe-Zn-Al at 450°¢ using'elecfron probe microanalysis and
metal lographic techniques,

The growth characteristics of intermediate phases formed on iron
galvanized in Al-bearing Zn at 450°C have been investigated by metallography
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acTion, i1 has beesih coniiimed ihal the inhibiting
'Iayer is coﬁposed of Zn-bearing FezA!5 and FeA!S} While the Feﬁlé phasé
was erratically detected, we did not deTecf'ﬂwe;resence of FeAl., X-ray
diffraction data for FeAlz,'so far missing from the ASTM X-Ray Data File,
have been recorded. A correlation of our results and that of other workers
with our newly investigated and proposed ternary isotherm at 450°C using an
analysis via diffusion paths on the isotherm has produced a convincing
rationalization of the inhibiting effect and the catastrophic interface

instabilities which develop preferentially in stagnant baths after long

times and with the higher bath Fe contents,
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CHAPTER |

INTRODUCT 1ON

I+ has been known for many years that aluminum of 0.1 - 0.3 wt.%
in galvanizing baths inhibits the iron-zinc alloy layer growth., However,
such additions were not used in early years since the aluminum reacted
with the flux blanket on the bath éausing hard particie inclusions in
the coating. The use of aluminum additions was forced upon technology
by the need for ductile, non-flaking coatings which are resistant to sub-
sequent deformation associated with fabrication., In this new technoiogy
the growth of undesirable brittle iron-zinc laysrs at the steel-zinc
interface is minimized Through additions of 0.1 to 0.3 wt.% aluminum
to the zinc bath and The previocusly associated inclusions are eliminated
by modifications to the bath flux.

It has been qualitatively established that this inhibiting action
is due to formation of aluminum-rich alloy layers. The purpose of this
study was to more precisely establish the nature and growth characteris-
tics of this alloy layer as a function of time, aluminum content and iron
content of the zinc bath, We suppose that this type of information
wili provide a useful insight into the practical problems of controlling
and minimizing the growth of the brittle iron-zinc layers at the iron-
Zinc interface.

The problem has been approached from two directions, Firstly,

we have undertaken To obtain quantitative constitutional data for the



zinc—-iron-aluminum system at 45000, this temperature being characteristic
for the galvanizing process. This part of the study was based on equili-
bration experiments and electron probe-m!croanalysis. In the second

part of the program the charaéfer and growth of intermetallic phases on
galvanized specimens has been elucidated using a surface X-ray diffraction

method, metal lographic observation and eleciron probe miéroanalysis.



CHAPTER 11

e s e

REVIEW OF PREVIOUS WORK

This chapter summarizes previcus work on the phase diagrams for
the bineries and ternaries of the Fe-Zn-Al system and on the formation of
intermetallic phases at the iron~zinc interface in pure or aluminum-

alloyed zinc baths,

2.1 The lron-Zinc Binary System

The nature of the equilibria in the iron-zinc system can be

regarded as well established, In contrast to the phase diagram reported

~5)

by Hansen and Anderko(') (Figure ) recent research(2 reveals that the

tenperature of the gamma (y)/alpha (o) transformation in the iron phase is
first slightly lowered and then raised with increasing zinc content.
The iron-y field is accordingly almost enclosed by the a-iron phase
(Figure 2),

Iron and zinc form four intermetallic compounds with varying
homogeneity ranges. The I phase (Fe3ano) has a cubic crystal structure
with zinc contents extending between 72 and 79 wt.%. The &

phase ( FeZn . ), with a hexagonal structure, has a composition lying

10."?

between 88,5 and 93.0 wt.% Zn., The 6' phase undergoes a transformation

»éi + & in the temperature range 620° - 540°C. The 6 phase probably has



. (1
The hexagonal structure as well .

The E phase is monoclinic with the narrow homogeneity range of
93.8 - 94.0 wt.% Zn. The three iron-rich compounds (T, 6 and &,) form
readi ly on cooling the appropriate alloys, while the formation of low
temperature £ phase is usually suppressed., This is the reason why the
phase boundaries for the & phase were only established after discovery of

('5). The

this phase in metallographic studies of galvanized coatings
sluggish transformation rate is also associated with the fact that in
the temperature range 530° - 500°C the transformation does not originate
at the surface of the 6| crystals as would be expected in a peritectic
reaction. Horsfmann(6) has observed & phase crystallizing directly

from iron-rich melts as 6' phase slowly dissolves, He noted that about 307
uncercooling Wwas required To initiate a reaction which produced localized

€ phase in contact with the él, and even higher undercocl ings to produce

an & phase which entirely enclosed the GI phase,

2.2 _The lron~Aluminum Binary System

The iron-aluminum phase diagram, as reported by Hanson(l), is

reproduced in Figure 3, Earlier uncertainties with respect to the
disorder -+ order transformation have been resolved by Warlimonf(6).

As shown in Figure 4 the peritectic reaction,

melt + a - a,

takes place between 17 and 21 wt.% Al, at 1440°C. The two-phase field



between a and o, (FeAl) terminates, according to Warlimont,

2
at 540°C by the eutectold reaction

o, (FeAl) +» o + a (FeSAl)

The consolute point for this phase was found to be at the co-ordinate

550°C and 15.2 wt.% Al. The Fe Al structure is of the BiFy

FeAl structure is isotypic with the CsCl structure,

type and the

The most important characteristic of this system in the high-Al
region (34 - 100 wt.% Al) is the existence of three intermetallic phases,

The phase FeAl2 (£) was shown to be formed by the peritectoid reaction

& 4+ Fe.Al_. (n) + FeAl. (&)
z -5 z

at 1158°C which is only about 7°C below the £ + n eutectic. The structure
of the E‘phase was suggested by Osava(B) to be rhombohedral but Bradley
and Taylor(g) claim that the structure is more canplicated. The phase
FeZAI5(n) is stable within the range 53 to 56 wt.% Al having the orthor-
hombic structure,

There remains some uncertainty about the higher aluminum concen-
tration limit of the FeAI3 phase field. Nonetheless, the formula FeAI3

is refained in our discussion for conciseness, The structure of this phase

was found to be monoclinic,



2.3 The Aluminum - Zinc Binary System

The diagram of this system is presented in Figure 5. Recent

; b e 1) ; ; . w ’
nnvesT&gaTaons( established the peritectic reaction

L+ (Al) 28

The B is cubic. The near continuity of the paramefers}of B Qifh (Al) is
indicative of some sort of ordered structure based on (Al). Since (Al)
and B are very nearly alike crysfal!ographicaiiy, they cannot be
distingulshed mefallographically.

Short range-order in 12 - 50 at.% Zn alloys from 340 to 380°C
was observed. ithe solid-sTaTe immisCioiitTy gap W17n boundary snown

exhibits a maximum at 351.5°C and 39.5 at.% Zn.

2.4 The lron-Zinc-Aluminum Ternary System

A knowledge of this ternary system (or at the very least the
450°C isotherm) was considered to be essential to the understanding of
an aluminum affect on a formation of Zn-Fe ailoy layers in galvanized
coatings. When This work was begun only iimited data of this kind
was available.

The phase equilibria in the Zn-rich corner of the Zn-Fe-Al
system containing up to 20 wt.% Fe and Al was iﬁvesfigafed by Rennhack ('0).
His partial isotherm established at 450°C by metallographic observation

and X-ray diffraction is shown in Figure ©. Similar partial isotherms



were established at 600°C and at room temperature. The results of this
important work may be summarized as follows:

(a) A four-phase invariant reaction:

L + FeAl, 2 FeZn, + Fe,Al

7 25

was found to occur at about 592°C.

(b) The solubility of aluminum in FeZn,, was found to be about 0.2 pct

(3
at 450°C. Unlike FeZn,, this phase does not equilibrate with the FeAl

compound phases.

(c) No ternary intermediate phases were found to occur within the
temperature and composition ranges explored. That is to say, no
X-ray lines were observed which did not correspond to binary com-

pounds listed in the ASTM X-ray Powder Data File.

Cameron and Ormay(zg) constructed a tentative 450°C isotherm
of the Fe-Zn-Al system (see Figures 7 and 8). In their proposition
all binary intfermediate phases were assumed to bear only a few percent
of a third element. The Zn-rich corner of the isotherm was based on
metallographic observations of galvanized coatings, and a solubility of
Fe in Zn was proposed to decrease with increasing aluminum content. A
(24)

region of a ternary Intermetallic compound was based on Hughes'

results.



(62)

The recent diagram of Koster and Godecke , which corresponds

most closely to our own observations, is discussed in detail in Chapter 6.

2.5 Galvanizing Reactions Between Iron and Zinc

During the reaction between iron and solid or molten zinc,
compact alloy layers are formed in accordance with the phase order specified
by the equilibrium diagram up to ftemperatures of about 490°C.

The layers include a thin I' iayer adjoining the iron, followed
by a Tthicker layer of the Gl and £ phases. Although the phase diagram
predicts this sequence of the alloy layers for temperatures up to 530°C
no £ phase has been observedrin galvanized ccatings at temperatures above
500”C. The alloy layer consists of a thin I' and a thicker 5! layer,

a sequence of phases which persists up to 620°C.

In the temperature range between 620° and 640°C only two phases,
I' and 61, have thus far been identified despite the fact that layers of
P 6! and § are predicted by the phase diagram. This sequence of two
phases remains unchanged up fo 672°C. As expected, between 672°C and
782°C, the only layer is T.

No iron-zinc alloy or intermetallic compound exists at temp=-
eratures above 782°C. At such high temperatures the iron is directly
dissolved until Tthe iron-rich melt becomes saturated. It is reporfed(lé)
that alpha-iron crystals are then precipitated in the melt. The latter,
upon cooling, react with the melt and are converted into iron-zinc com-

pounds. As the iron dissolves in the zinc, the latter also penetrates

intfo the iron through diffusion, resulting in a diffusion layer of zinc-



rich atpha-solid solution. Cameron viid found that even at temperatures

below 782°C a layer of Zn-rich alpha solution is formed beneath the
iron-zinc layers of the coating. This finding was later confirmed by

LR, 4 and by Horstmann et a!('4).

Caloni et al
While the nature of the phases formed in the galvanized coatings

is weli-established, there are many different interpretations of the forma-

tion sequence and the growth confrol mechanism for intermetallic phases.

L18) on the sequence of alloy layer formation at

Cameron's investigation
350°C shows that the ¢ layer forms first. The Gl layer and the T layer
only form in that order underneath the £ layer some time after.the latter
has attained substantial thickness. Most observations Indicate that This
is alan the seauence of formation at femperatures ahove the maltinn naint
of zinc. After a very short immersion time in the melt the alloy layer
on an iron specimen consists almost entirely of small £ crystais. With

longer periods, a §, layer is formed which grows rapidly once it appears,

!
and the T layer follows later.

(16) that the

It has been estabiished experimentally
kinetics of the attack on iron by zinc obeys two different time laws.
Up to approximately 490°C and again between 520° and 740°C, the overall
rate of growth of the alloy layers as determined by iron weight loss,
follows a parabolic law, whereas the relationship is linear for the
intermediate temperature range (490 - 520°C) . However, opinions differ

wideiy as regards the rate-law for individuai alioy layers. Rate laws

may be expressed generally by



where d is the layer thickness, 1 the immersion time, ¢ the rate constant,
and m the growth rate exponent. Within the temperature range of overall
parabolic attack the growth rate exponent has been found to vary between
0.13 to 0.5 for the I' layer, EeTween 0.5 to 0.64 for the 6! layer, and
between 0.15 to 0.5 for the £ layer.

During the reaction between iron and zinc the boundaries
between the various phases migrate according fo the laws of diffusion
and mass conservation. The phase boundaries between the alpha-solid
solution and the I' layer and between the T and 6' layers shift to-
wards the iron whereas the other phase boundaries move fowards The zinc('6).

This implies that the I' layer is continuously formed at the iron

boundary and dissociated in contact with the 6| layer. Similarly, the £

2
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info GI where it borders this growing phase.

2.6 The Effect of Aluminum Additions to the Zinc Bath on the Growth of
Alloy Layers on lron

In the previous chapter, it was understood that the reaction
was taking place between iron and zinc with negligible amounts of impuri-
ties. The problem of layer growth becomes much more complicated if alloying
elements are added either to the iron or to the zinc bath. From
references (17-21) we conclude that the silicon (Si) and carbon (C)
contents of the steel intensify substantially the parabolic zinc attack
and at the same time greatly reduce the lower limit of the temperature

. range in which linear attack occurs. Likewise, higher phosphorus (P)



should be avoided in galvanizing grades of steel although the P contents
of up to 0.08 wt.% usuqlly present in commercial steels are only of minor
consequence, Manganese (Mn) ‘impurities in the quantities usually present
in commercial steels, are of no significance,

The rate of zinc attack in the parabolic range can be beneficially
altered by se}ecfive alloying of zinc baths of conventional composition.
The most consistently effective additions in this respect are found to be
O0.f = 0.5 wt.% of vanadium, chromium, nickel, manganese, silicon and/or
aluminum. This present confribution is concerned entirely with the latter
very effective addition,

As pointed out eariier the growth of the brittle iron-zinc
alloy layer at the steel-zinc interface can be effectively controlied by
adding about 0.10 to 0.30 % aluminum to the zinc bath. Current efforts
to determine the mechanism by which aluminum inhibits iron-zinc alloy
layer growth have led to the conclusion that a barrier of aluminum~rich
alloy layer forms at the steel-zinc interface. |In an extensive work
Bablik L4ye3? has examined a wide range of temperatures and aluminum
contents, mainly under conditions of iron saturation.

In galvanizing tests, dipping for a minute is regarded as a
short time. A sféfic specimen is usual. Bablik noted that aluminum
delayed the onset of the fast reaction between liquid zinc and solid iron
for shori immersion times but that once the reaction started, the iron’
attack was greater than that in a bath without aluminum. A thin layer of

FeAI3 was considered to be responsible for inhibiting the iron-zinc

alloy growth.



(24,25) summarized the literature on Al-controlled inhibitior

Hughes
prior to 1950, In his own experimental work, four types of materials
were galvanized: armco iron, commercial low-carbon cold reduced steel
sheet of rimming quality sféel containing 0,10 wt.% carbon, killed steel
but containing only traces of silicon and steel containing 0.22 wt.%
carbon and 0.10 wt.% silicon. Times of immersion ranged from 5 to 60
seconds. The Temperatures used varied from 430°C to 490°C and aluminum
additions from 0.05 to 3 wt.%. The bath was prepared from pure zinc.

For the bath containing 1.5 wt.% Al a ternary alloy formed
at the iron-zinc interface was identified by chemical analysis. X-ray
examination of this layer revealed that it generated powder {ines of FeA!B.

The following conclusions were drawn:

(a) The ternary iron-zinc-aluminum layer at the steel interface inhibits

the growth of iron-zinc alloy layers.,

(b) A secondary alloying process which occurs under the "ternary" alloy
causes the latter to break away and form loose crystais in the
ceoating. The occurrence of this secondary alloying is erratic and

more information is needed about it.

{(c) The presence of siiicon in steel enhances the stabilizing effect of

aluminum,

{d) The aluminum levei necessary to [imit the iron-zinc alloy layer growth
is increased in rough proportion to bath temperature and immersion

time.



Haughfon(?6) drew attention To the role of dissolved iron in
conjunction with the aluminum in the bath. His steels contained only
trace amounts of tramp elements. The aluminum contents of the baths were
0, 0.05, 0.10 and 0.20 wt.% aluminum. For each of these four aluminum
contents the iron in the bath was varied progressively from zero up to
saturation (abcut 0.03 ¢ at 450°C). The temperature of the zinc bath was
maintained at 450°C throughout. Dipping times of | minute and 5 minutes
were used. To discriminate between the effect of local iron enrichment
and the general iron content of the bath two pafallel sets of experiments
were carried out - one with samples suspended in the bath without movement
and the other with samples agitated with the object of dispersing lecal
iron enrichment, The weight loss of the ircn substrate of the specimens
was deiermined, along with metallicgraphic observations. X-ray
examination of samples scraped from specimens stripped of their zinc
revealed the presence of the phase Fe2A|5 provided the aluminum level was
above 0.1 wt.% in the bath. From the above observations under the stated

conditions the following conclusions were offered:

(a) Variations of the iron content of the bath containing only zinc and
iren has no observable effect upon the metallographic structure of

the coating or upon the rate of attack on the steel in the bath,

(b) The addition of 0.05 wt.% of aluminum to zinc containing various
amounts of iron has very little effect upon the metallographic
structure of the coating or upon the rate of attack on steel in the

bath.
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(¢) The addition of 0.1 wt.% of aluminum to the zinc profoundly modifies
the structure of the coating ard the rate of attack, With baths low
in iron the normai alloy layers are absent except for occasional
layer growths. Instead, a very thin layer, probably Fe2AI5, is
formed on the steel surface which largely blanks off the attack on
the steel. As the iron content of the bath rises, However,‘fhere is
an increasing tendency towards local attack with growth of heavy,
rather loose, alloy layers. Thus, for a bath safﬁrafed with iron and
containing > O.vaf.% Al,weight loss is even higher than when aluminum

is not present in the bath,

(d) The addition of 0.2 wt.% of aluminum to the bath ines simiiar
resuits, but the protective film formed is thicker and the formation
of local areas of heavy attack is less frequent. Consequentiy, the
weight of steel lost is lower, and even with a bath saturated in iron,

the attack is largely blanked off.

(e) The whole picture suggests a very unstable state, where a slight change
in conditions (e.g., in iron content of the bath, or surface condition
of the steel) may completely reverse the direction of the inhibiting
effect of aluminum additions o the bath.

Horsfmann(27)

established the minimum aluminum content necessary
for inhibition as a function of temperature, Material used was armco iren

and a steel with very low amount of all elements other than carbon. The

zinc bath contained 0.10, 0.20, 0.30 and 0.50 wt.% of aluminum, being



always freshly prepared, apparenfly with no purposely added iron. The

temperatures of the zinc baths ranged from 440°C to 500°C and times of

immersion ranged from 5 sec. to 5 hours. The effect of agitation was

examined as well., The weight loss analysis along with metallographic and

surface X-ray examinations allowed Horstmann to draw the following

conclusions:

(a)

(b)

(c)

For higher amounts of aluminum (~ 0.5 wt.%) a distinctive gray layer
firmly adhering to the iron at the iron-zinc interface was observed if
the examination occurred during the period of the inhibition. Below
this layer scattered crystals of a lighter colour were noticed.

The X-ray analysis of this sample (see Table 1) revealed the presence

of FeZAIS, which was considered to be the continuous gray layer.

The unidentified lines (see last column of Table |) were ascribed to an
unknown ternary Fe-Zn-Al compound and identified with light gray

crystals underlying the continuous layer of the Fe2AI5.

For the specimen prepared at the same aluminum content but examined
after the inhibiting effect had ceased the X-ray analysis (see Table i)
revealed the presence of FezAI5 and FeAl. The unidentified lines

(see last column of Table |1) differed from those in the previous case

and were thus ascribed to another ternary Fe-Zn-Al.phase.

IT was preoposed that access of the zinc bath to the ifon is prevented

by a protective layer of Fe7A15 which initially forms on the iron
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The Results of X-Ray Analysis oé Stripped Specimen Prepared in Zinc
with 0.5 wt.% Al, at 440°C, 75 min, after Horstmann (27)
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The Results of X-ray Analysis of a Sfr:pped Spec1men Prepared in a Zinc_Bath wu1h

TABLE [}
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0.5 wt.% Al; at 480° C, 15 min, after Horstmann

{
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|
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surface. This FezAl5 layer later reacts with the bath and transforms
into other Fe-Al and Fe-Zn-Al compounds, a situation leading to
increased iron attack and alloy layer growth.

in a later STudy(ZB)

Horstmann expanded on this explianation, listing type
of steel, surface condition, and strip temperature in entering a continuous
galvanizing bath as factors affecting the growth of the inhibiting layer.

Cameron and Ormay(zg), again using steel low in all alloying
elements, covered the temperature range 440 - 450°C for aluminum contents
between 0 and 10 wi.% for times from five seconds to ftwo hours, with and
without agitation. The zinc bath used was characterized by the authors as
iron dross-saturated.

The probiem of ihe atuminwn aifeci was 101 (e Tiis1 e
considered in terms of the ternary Fe-Zn-Al equilibrium diagram, a tentative
section of which was constructed (see Figures 7 and 8). The phases FeZAES
and an aluminum=bearing 61 (FeZn7) were identified by X-ray diffraction.

In this connection it was noted that the aluminum~bearing 6 had
X-ray lines similar fo those of the ternary compound ostensibly identified
by Horsimann at 480°C. |

Finally, they claim to have identified aluminum-bearing £ and
6| phases as well as the previously unidentified ternary compound(26)
using electron probe microanalysis, On the basis of this work,
Horstmann's p;oposal for protective layer evolution was amplified.

Most recently, Borzillo and Hahn(30) examined the .
growth ot the inhibiting aluminum-rich alloy layer on coatings developed

In a pure zinc bath containing 0.20 To 0.30 wi.% of aluminum with varying

iron levels. The specimens were cold-rolled annealed steel sheet with very
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fow contents of tramp elements. Immersion temperatures for each bath
composition were 430°C, 450°C and 470°C. Immersion times ranged from

20 to 320 seconds. Thé growth rate of the aluminum-rich alloy layer was
determined gravimetrically. The inhibiting layer was further examined with
optical and electron microscopes and was also analyzed with the electron

microprobe and by surface X-ray diffraction. Their conclusions can be

summarized as follows:

(a) The inhibiting aluminum=-rich alloy layer was found to grow parabolically
as a function of bath temperature, immersion time and the aluminum:
iron ratio of the bath. Growth rates were positively monotonic with

the Al/Fe ratio of the bath.

(b) A detailed picture of the growth and phase changes in the aluminum-
rich alloy layer was proposed. During a brief initial period of
immersion (up to 20 sec), characterized by a straight-line inter-
face, a stable low=diffusivity layer of FezAl5 forming on the surface
of the steel inhibits the iron-zinc alloy layer growth. With
fonger Times the zinc bath reacts with the ngAls layer and isolated
blue~gray nodules, characteristic of a supposed ternary phase, begin
to appear in this layer. As the nodules grow, the thin protective

layer of Fe?Al is being consumed. Although the cause of initial

5
nucieation of the ternary phase is not made clear, the growth of this
phase is supposed to be favoured by high iron contents within the

bath. With even longer immersion times, the nodules of the supposed

ternary phase continue to grow and coalesce. At this stage the Fe2A|5
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layer is completely consumed or penetrated, a consequence which directly
exposes the steel base to the zinc bath, resulting in the localized

and accelerated growth of iron-zinc phases.



CHAPTER 111

- THEORY

The problems of the inhibiting action of aluminum requires a
discussion of the mass transfer from the solid to liquid metal as well as
the diffusive growth of intermediate phases. The concept of a diffusion
path on a ternary isotherm will be found useful in the discussion of
insfabilifies observed which lead o the breakdown of inhibition. T
should be recognized from the start that galivanizing is essentially an

e i . 2 E NG P e Y P W .
T2UTHET AN SOLIUTTICal 1O PEOLEDD.

3.1 The Motion of Planar Phase Interfaces in Multicomponent Multiphase
Systems

In the absence of surface reaction confrol, which is uniikely
in metal-metal interactions, we can regard galvanizing as a mulfiphase
counter~diffusion process. The problem of linear interdiffusion of two
different multicomponent phases in the form of diffusion couples,
with or without the appearance of intermediate phases in the diffusion
zone, has been analyzed by Kirkaldy(Bl).

The general system of one-dimensional diffusion equations for

multicomponent diffusion in a substitutional solution are:

n-| ac?
J; == 5 D,, — (3.1)
= %
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and
aC. n~| aC '
R [Dik__b (3.2)
ot = ox ax

These have the parametric solutions:

C; = C,0), X = x/ /T (3.3)

provided the initial and boundary conditions can be expressed in terms of

A. This is, in fact, the case for we can summarize them simply by:

n
)

Ci (+ @) 3.4)

and

i
0

Ci (- =) (3.5)
These parametric solutions were shown to exist in linear multiphase systems
provided that local equilibrium is approached at all interfaces, irrespective
of the number of phases which appear in the diffusion zone of the couple.
Any diffusion measurement that confirms equation (3.3) demcnstrates uniquely
That very close to interfacial equilibrium or metastable equilibrium is
maintained throughout the diffusion perieod.

The only preconditions to be imposed on the terminal alloys
in this description are that they be homogeneous solid solutions, that
diffusion be structure~independent, and that the constitution allows

diffusion to proceed from them without any compositions appearing in the
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zone which imply a failure of the planar interface assumption (e.g., two-
phase mixtures).

Now if The'peneffafion curve for an n-component alloy involving
a total of N phases is considered, then each continuous region of the

penetration curve can be described by the solution of the ordinary equations:

dC., n=1| dC
. S I 9——ED.k ot (3.6)
2 dr k=l dx : da :

which fits the appropriate phase boundary compositions. |In general,

the Di are functions of all the concentrations, but in order To obtain

k

an analytic solution they are assumed to be an appropriate average vaiue

The co-ordinates of the interface, £, are determined simul=
taneously with the interface concentrations by application of interface

continuity relations of the form:

. = -
(Cyoy = Cpyot By 7 2/ = J (3.7)

i21 il2 i21

and the equilibrium conditions., In this evaluation there are 2(N-1)n
intferface concentrations plus (N~l) phase boundary co-ordinates as unknowns
and these are uniquely determined by the (n-1)(N~1) independent relations

of type (3.7), the n(N-|) equilibrium .-free energy relations of the form:

Mip €y Coppr oo

(3.8)

(C C

Mz “epgrr Vagpe ¢ % ¢ Vg 9f



and the 2(N-1) concentration balances of the form:

subject to the indicial equations

n-{ d,
Ukz b ._'5_..".(.0‘_
J=l d;, .

and the appropriate phase boundary values.

In the evaluation of the coefficients the integrals can

be normalized by letting:

ERJ
a. =d, [/ exp [—Az/4UP] da
£0+1, j+1

where d,, are functions of the boundary C's and the D's as determined

equation (3.11). The complete numerical calculation involves as well
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(3.9)

(3.10)

(3.11)

(3. 122

the solution of the simultanecus non-linear set of equations (3.7) with

" the phase diagram equivalent of sets (3.8) and (3.9).

In testing the validity of this phenomenoiogical description

it is sufficient to demonstrate experimentally that equation (3.3) is
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valid, or that approximate equilibrium is maintained throughout the diffusion

process.

3.2 lsothermal Solidification info a Binary Liquid

As a special case of the foregoing general analysis, we may
consider motion of a planar interface in a binary solid-liquid system.
For this case the surface reaction is assumed to be fast enough to
maintain the local equilibrium condition, so that the concentration at
the interface is given by the phase diagram. The concentration distri-
bution in the solid and liquid (considered as semi-infinite media) is

given by the solution of Fick's Second Law:

2
PR T R W5
ox ot
2 P
g _3_% =28 w2 (3.14)
% ot
The mathematical analysis follows that given by Wagner(32). The initial
and boundary conditions are illustrated in Figures 9(a) and 9(b). The

continuity of mass flow at the solid-liquid infterface is then given by:

o, 1% 4. (3’.9.>z+

ox

i
3

r + z(CS-CL) (3.15)
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The value of x at the interface is denoted by Z and is a function of time.
The diffusion coefficients are assumed to be independent of concentration.
With these assumpfions'fhe displacemenf, Z, of the solid=liquid interface
is given by :

Z=2y DL.-r‘ (3.16)

A particular solution of (3,13) and (3.1 ) which satisfies the boundary

conditions at + « and the initial conditions is given by:

o
H

C,+ ALl +ert (x/2»ﬁf‘f')], x < 2 (3.17)

-~

(@]
i

C, +BLI - erf (x/z./ﬁg?‘)], X 3 Z (3.18).

The boundary conditions éf the interface x = Z, given in Figure 9(b),

can be satisfied by combining equations (3.15), (3.16) and (3.7), (3.18).
The constants A and B can be eliminated by use of boundary conditions at

x = Z and equations (3.17), (3.i8). The result is a transcendental équafion
relating y with the composition parameters of the system. In the case

that DS is much smaller fThan DL the expression for y can be greatly

simplified fo:

I (v)

]

Y©'y (exp Y2) Cl + erfy]

_ (3.19)
‘%

C-C¢
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3.5 Representation of Diffusion Paths on The lsotherm

The above énalysis of the motion of planar phase interfaces
for multicomponent multiphase systems assumes as a prior stability condi-
ticn that all interfaces remain flat throughout diffusion and for this to
be so we invoked the requirement that no compositions should appear which
imply a failure of this planar interface assumption. As we well know,
irregular and non-planar morphologies are often observed during the growth
of oxide scales on alloys and in isofhermal‘phase transformations in

: . . _(33,34,35,36)
multicomponent metallic systems ~727 72772

, including galvanizing.
Such morphologies refiect isothermal diffusion instabilities that can
arise in multiphase diffusion due fto the additional degree of freedom in
the composition if the third element is added. Y is apparent at
this point that when the above planar analysis leads to results that are
inconsistent with the prior caveat against irregular and non-planar
morphologies, then that analysis must be a successful predictor of such .
~instabilities.

All isothermal ternary diffusion profiles with parabolic
kinetics can be mapped cnfo-fhe isotherm, Through elimination of the A-
co-ordinate four schematic diffusion paths are ploftted in Figure 10.
Path ab is stable implying as it does the formation of a planar inter-
face between a terminal solid solution and an intermediate phase Ancm'
Paths cd and ef, on the contrary, cross the tie-lines in two phase regions
and thus imply the existence of supersaturation in the terminal solid
sotution diffusion zone. This is a consequence of D!l >> 0,2, a

2

condition mest commoniy leading to diffusion instability. Such unstable
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paths, calculated on the basis of ternary diffusion theory and the assumption

of stable planar interfaces have been designated as "virtual pafhs"(34).

L
The relief of the predicted supersaturation leads to serrated interfaces
and internal precipitation, i.e., To multiphase zones along the path,
The theory of kinetic interface instabilities was introduced

by Wagner(37) and this has been extended into a general theory of ternary

o and by Coafes(jg).

interface instability by Coates and Kirkaidy<3
The latter theories, however, focus on marginal instability so are of

little help in the treaiment of the catastrophic instability which arises
from the high virtual supersaturations indicated in Figure 10. Kirkaldy(40)
has recently treated the catastrophic case of internal oxidation or sulphi-

dotion by methods which may ultimately point to a description of the much

more complicated morphological instabilitles which occur during galvanizing.

3.4 Some Qualitative Factors Controciiing Stability of Interfaces

The foregoing analysis of instabilities is strictly applicable
to solid infinite or semi-infinite diffusion couples for which the number
of intermediate phases is usually defined from time zero. Under such
conditions the diffusion path is also uniquely defined by the initial
composition differences of all the elements, |In contrast, in the
galvanizing process, the diffusion couple consists of.solid iron and liquid
‘zinc in an initial condition whereby the intermediate phases must be |
established through a series of consecutive nucleation steps, the order
being determined by the relative strain and interfacial free energy

magnitudes of those metastabie configurations which are thermodynamical ly
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possible. The sequential nucleation of more stable intermetallic phase
relationships must lead, after characteristic relaxation times, to dis-
continuous modifications of the diffusion paths,

This discontinuous character may be further abetted by
depletion of the liquid in minor components., This depletion effect will
be particularly pronounced if the nucleated intermetallic phases are rich
in a component which can be supplied only from the liquid part of the
couple (as in the case of an aluminum~bearing zinc bath), resulting in
changes in the interfacial concenfréfions at the solid-liquid interface,.
Such changes can be particularly important locally if the metastable |
di ffusion paths are morphologically unstable as described in Section 3.3,

Furthermore, the depletion of elements near the interface
in the liquid may be dispersed by agiTaTion ailowing ihe iniTial acTiviTy
of minor components in the bulk liquid to be maintained at a higher
level at the solid-liquid interface than determined by parabolic kinetics.

The relevance of the above general comments are explored

in Section 6.3 for galvanizing reactions in the ternary system Fe-Zn-Al,



CHAPTER 1V

" EXPERIMENTAL METHOD

This chapter describes the experimental determination of the
equilibrium data for the Fe-Zn-Al system and the hot dipping
experiments. The first section is concerned with preparation of materials
while the later sections describe the experimental design, equipment

and particular procedures utilized.

4.1 Preparation of Materials

4.1.1 lron Sheets

The sheets for the dipping experiments were prepared from Armco
iron to minimize the effect of alloying elements and impurities on the
growth characteristics of alloy layers. For all specimens used the
following standard procedure was adopted: A piece of Armco iron
(~ 100 gm) was remelted in pure argon. The buttons obtained were annealed
at a temperature of 1000°C for 96 hours in a hydrogen flow and cold-rolled
afterwards to an average thickness of 0.3 mm. These sheets were then cut
into specimens of 25 mm by 50 mm and again annealed at a temperature of
1000°C for 96 hours in a hydrogen flow. The chemical analysis of the
sheet specimens is given in Table I1l. The sheet specimens were then

prepared for galvanizing using a procedure described in Section 4.2.3.

30



TABLE 111

Analysis of the lron Sheets
(percent by weight)

=

C Si Mn P 5
0.0l <0,01 0,034 0.003 0,004
TABLE 1V
Analysis of Basis Materials
(percent by weight)
Zn Fe Pb Cd Cu
Special High Crade Zinc 90,9075 0,001 Q0012 0.0001 N, 0007
Al Fe Si Mg Cu
Superpurity Aluminum 99,995 0.001 0,002 0.002

€.,002
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4,1.2 Zinc Baths for the Dipping Experiments

In Chapter 11l it was shown that both the aluminum and iron
contents of the zinc bath have an important effect on the formation and ‘
growith of intermadiate phases during galvanizing. For the study of such
effects f?ve'iron-safurafed zinc baths with increasing-aluminum contents
were prepared. The basis metals were Armco iron sheet having the chemical
composition given in Table Ill, a special high grade zinc supplied by
Cominco Ltd., and super-purity aluminum supplied by Alcan Research and
Development, Ltd. The analysis of these starting materials is given
in Table 1V,

A master alloy of 50 wt.% Al, 50 wt.% Zn was first prepared
by induction melting, the appropriate portion of each material in a fiow
of argon. The alloy was then remelted for homogenization and cooled
slowly.

For each bath an appropriate amount of Zn-Al master alloy
and fine Armco chips were charged info a graphife crucible along with
approximately 2,350 gm of special high grade zinc., The zinc was melted
and maintained for adequate mixing at a temperature of 450°C for 48
hours., A sample'of about 2 gm was then Taken in a pyrex tube from the

center of the bath and analysed chemically.

4.1.3 The !ntermetallic Compounds of the System lron-Aluminum

The binary compounds of this system were used for the

equilibrium experiments and served also as standards for electron microprobe
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analysis. The basis materials used for their preparation were the
Armco iron and superpurity aluminum as described in the previous
section. In all, four intermetallic compounds, FeAl, FeAl2, FezAl5 and

FeAl3 were prepared. Approximately 90 to 100 grams of weighed base
metals were placed into the melting chamber of a non-consumable arc
furnace. A tungsten electrode was used for the melting operaticn, which
was carried out under an atmosphere af argon. The reaction befweeﬁ
molten aluminum and iron is exothermic so that fusion of the charges
took only a few seconds. The buttons obtained for each compound was
crushed and placed in a quartz tube. The tube was then alternately
evacuated and purged with argon four times and then sealed. All com-
pounds prepared by this procedure were then homogenized under the condi-
tions given in Tabie V.

Ail annealed compounds were analyzed chemically., As can
be seen from Table VI all compounds lie well within the homogeneity range
as given by the binary phase diagram. The metalliographic examination

showaed no secondary phases present in any of the compounds.

4.1.4 The Intermetallic Compounds of the System lron-Zinc

The 6' and & cempounds of the iron-zinc system were prepared
to serve primarily as standards for electron probe microanalysfs.
In preparing these compounds the procedure proposed by K5s+er(42) was
followed. Armco iron sheefs were cut into thin strips. Affer weighing
out the desired amcunts of iron and zinc for the E-phase, the mixture

of total weight 10 g, was packed in a quartz tube and sealed under

vacuum. The ampoule was slowly heated up ‘o 450°C and maintained at



TABLE V

Anneal ing Conditions for Iron~Aluminum
Intermetal | ic. Compounds
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Compound Annealing Conditions
Temperature Time (hours)

&)
C s

FeAl 1000 170

FeAl, 1000 170

FeZAI5 1000 170

FeAl5 650 170

TABLE VI

Chemical Analysis of lron-Atuminum
Intermetallic Compounds

(percent by welight)

Compound lron Content Afuminum Content
Phase Diagram  Actual Phase Diagram Actual
FeAl 67.43 66 .57 32,57 33,24
FeAl, 51.0 - 51.5 2] .19 48,5 - 49,0 49,99
FezAl5 44,0 - 47,0 45,12 53,0 - 56.0 55,55
FeAl 39.0 -~ 42.0 41,84 58,0 - 61.0 27,28




this temperature for 6 hours. Then the temperature was raised to 600°C.
Tilting the tube continually for mixing, the temperature was slowly
increased to 850°C. Hélding time at this temperature was 70 houfs.
During slow cooling down to 700°C the sample was again tilted for
better mixing of the melt, and then left in the horizontal position to
avoid bursting of the ampoule as a consequence of the volume increase
of the 5i-phase. After reaching 400°C the sample was left at this
temperature for 72 hours, and then cooled to room temperature. The

same procedure was adopted for the preparation of 6, -phase.

|
. The compounds obtained were homogeneous. However, both of

them exhibited excessive porosity which was considered to be unacceptable.

Accordingiy, The following powder metallurgical method of preparation

was adopted. Iron powder of purity 99.95 wt.% and zinc powder of

purity 99.99 wt.% were used as basis materials. Appropriate amounts of

each metal powder was weighed to give a total weight of 6 grams. fhe

samples were then mechanically mixed for eight hours. For each alloy

three pellets weighing | gram were prepared by pressing the mixtures

inan 8.7 mm (i1/32") diam. die at a pressure of 5500 psi for 5 minutes.

The pellets obtained were pre-sintered in a hydrogen atmosphere at a

temperature of 500°C for 2 hours. The pellets were subsequently placed

in quartz tubes,evacuated five times and alternately purged with argoh,

sealed in vacuum and sintered for 18 days at 500°C. After sintering the

samples were quenched by breaking the capsules under ice water. The §

and di compounds prepared were compact, and metallographic observations

did not reveal the presence of second phases. Chemical analysis of the

two pheses is given in Table VII.
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TABLE Vil

Chemical Analysis of lron-Zinc
Intfermetal lic Compounds
(Percent by weight)

Compound Iron Content Zinc Content
£ 6,03 93,97 (by difference)
8 9.04 90,96 (by difference)
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4.1.5 The Intermetallic Compounds of the Ternary System lron-Zinc-Aluminum

Prepared ternary compounds in this system were to be utilized
as standards for electronprcbe microanalysis in the proposed equilibrium -
experiments. This task of preparation was complicated by the fact that,
as discussed in Chapter Il, very limited data were available on the
ternary system Fe-Zn-Al. We recall that examination of galvanized
coatings had established the presence of FeZAI5 along with an unknown
ternary compound. Constitutional work('O), on the other hand, seemed
To deny the existence of a unique ternary phase. Our own preliminary
work(43) with compounds FeAl and FezAtS equilibrated in zinc had on the other
hand, indicated the presence of an unknown ternary phase,

We proceeded on The basis of a proposed Ternary isoTherm
at 450°C like that in Figure 7, and prepared a set of ternary alloys
consisting of powder mixtures of various pure metal powders. These
ternary alloys were fabricated using the powder metallurgy technique
described above. For example, starting at the middle of the homogeneity
range of F92A15 ternary alloys with increasing Zn content and approxi-
mately constant iron content (i.e., directed towards the postulated
unknown ternary phase) were prepared. Similarly, alloys originating
from the 6g-phase were prepared having increasing amounts of aluminum
at constant iron content. Metallographic observations and X-ray
analysis were then appiied to identify the presence of various phases.

Gebhardf(44)

, in attempting to prepare ternary alloys of
the Fe-Zn-Al system, experienced enormous dilatation of sampies with iron

contents above {0 wt.%, irrespective of the method of preparation. This
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substantial increase in volume resulted in a complete disintegration of
solid compounds into powder. To circumvent This problem the following
procedure was adopted.' As basis materials aluminum powder 99.98 wt.%
(325 mesh), iron powder 99.95 wt.% (325 mesh) and zinc powder 99.99 wt.%
(200 mesh) were used. The preparation was carried out in the same way

as described in the previous section for £ and §,-phases except that

after presintering, at which point samples were partially disintegrated
due to the large volume increase, the pellets were rerulverized,
compressed at the stated conditions and sintered in evacuated quartz
tubes at 500°C for 18 days. The resulting sintered pellets were
satisfactorily stable and compact.

The nominal compositions of the prepared alloys are given

T Tul
143 LS

. Vb
A L

1™ fompeme Lot Ak A e va b
'S B | ' 1w v

~ L Abhmralanl mmamliimla <& FhA
L I I e bl e a8 Y Vd NFA N A

' - oo~ o~
& “ L

sintered alloys.
The metal lographic examination of alloy number | did not

reveal the presence of any other phase than the expected 6|. In alloy

number Z a very small amount of phase other than Gl, probably Fe2A|5,

was detected. X-ray analysis of These alloys matched the three lines
listed for the 6|-phase in the ASTM X-Ray Data File. Surprisingly,
metal lographic examination of alloys number 3, 4 and 5 did not reveal

the presence of phases other than FezAl5 (presumably with dissolved zinc).

The X-ray powder analysis yielded d-spacings which were in good agreement

(45)

with those reported for Fe,Al. in the ASTM X-Ray Data File . Alloy No, 6

25
exhibited substantial amounts of a second phase, which other tests (see below)
identify as [
On the basis of X-ray and metallographic analysis the al loys

numbered | and 5 were selected as standards for microprobe analysis,



TABLE VI

Nominal Composition and Chemical
Analysis of Ternary Compounds

39

Alloy Number Nominal Composition Chemical Analysis
Fe - I Al Fe Zn* Al
| 9.00 89.00 2.00 8,94 89,10 .96
2 9.00 87.00 4,00 8.74 87.33 5,93
3 44,00 3,00 53,00 44,08 53,20
4 43,00 8.00 49,00 43,11 48,72
5. 43,00 12,00 45,00 42,82 44,60
6 43,00 16,00 41,00 42,70 41,43

*

Zn by difference
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4.2 Experimental Apparatus and Procedures

The fnvesffgafion of the mechanism whereby aluminum inhibits
iron-zinc alloy layer grewth was directed experimentally in fwo main
directions. First, through long-time equilibrium experiments, basic
data on the Fe-Zn-Al isotherm at 450°C was obtained. Thése results were
then correlated with those obtained by metallographic, X-ray and

electron probe microanalysis of galvanized samples.

4.2.1 Determination of the Liquidus in the Zinc=Rich Corner of the
Ternary System lron=Zinc-Aluminum
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As poivwted out i C of an aiuminum
bearing zinc bath has a significant bearing on the inhibiting effect of
aluminum, To assist in the control of this variable a precise determina-
tion of the liquidus line was attempted for Thé range of aluminum
contents used in the subsequent dipping experiments.

Edmunds(46)

has reported a value of 0.029 wt.% for the
solubility of iron in pure zinc at a temperature of 450°C. We have
used a similar methodolegy to determine the solubility of iron in zinc
containing 0.21 wt.% of aluminum at 450°C. The apparatus used for this
experiment is shown in Figure Il. A graphite crucible, of the
dimensions shown, proftected by a steel shell, was placed in an electric
resistance furnace. The stirring paddle could be exchanged for a
sampling tube as explained later. The femperature of the bath was

- confrolled by a chromel-alumel thermocouple which was caiibrated using

the melting point of the special high grade zinc (99,9975 wt.%). The
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thermocouple was protected by a pyrex tube. The furnace itself operated
with a controlling accuracy of t_IOC, a control stability of 0.5°

or better, a control sénsifiyify of | microvolt or 0.1°C and a long

term stability of + 30 microvolts or 3/4°C over a one week period.

Prior to the experiment the crucible was charged with zinc,
heated to 450°C and the top covered with insulation. After 5 days the
variations of temperature along the vertical axis of the crucible were
measured. There was a uniform gradient in temperature between the bottom
and the top of the zinc bath and the maximum difference was £.5°C,

The slight error due to this differenﬁe was essentially eliminated by
measuring the temperature of the bath during an actual experiment at the
central, half-height point.

For The experiment the crucibie was charged with 1930
grams of special high grade zinc. After melting at 445°C the desired
amount of aluminum was introduced through the Zn-Al master alloy. Very
fine strips of Armco iron were then introduced in amounts approximately
twice that needed to saturate pure zinc at 450°C. After 24 hours, the
stirrer was engaged for 3 hours, during which operation the temperature
slightly increased due to the mechanical work exerted on the bath,

When the stirring was stopped, The controller setting was adjusted fo
keep the melt at the maximum temperature attained during agitation,

the stirring paddle was removed, the melt skimmed and the evacuated
sampling fube introduced into the bath. The foﬁ opening of the furnace
was then closed with asbestos plates and glass wool. Next the tempera-
fure controller was adjusted to 450°C and the actual temperature was

monitored continuously throughout the remainder of the experiments.
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Equilibrium was therefore approached via an undersaturated liquid solu-
tion. Solid constituents which precipitated from the melt could settle
ér rise, depending on thelr density relative to the melt density.

Because Fe and liquid Zn have close to the same density, the time required
for this separation, which was essential for valid melt sampling, was

from 2 to 4 weeks. Our criterion for separation was that the results

for chemical analysis taken one week apart had to differ by no more than
the estimated experimental error.

Using the same bath, the temperature was then raised to
4600C, left for 24 hours, stirred, insulated and the femperafure adjusted
again to 450°C. By the same sampling procedure as above, the point on
The liquidus iine was therefore approached from a supersaturated
melt.

Maximum variations of temperature during the equilibration-
period were observed to be i_l.6°C‘ The overall error invelved in the
temperature measurement was evaluated as a combination of The following
supposedly random elements: the error involved in calibration i_O.SOC,
the error in reading the temperature j_O.IOC and the error due fo
controlling accuracy i_|°c, Thus, The resulting overall error was considered
to be + 1.4°C,

The procedure described was first tested on the binary solution
Zn-Fe, and having obtained a result in agreement with the accepted
value(46), cne further point on the liquidus line in the ternary was

measured.
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4,2.2 Equi!igrium Experiments Between FenAlm Binary Compounds and Zinc
at 450°C

v

To amplify our knowledge of the isotherm of the Fe-Zn-Al
system at 450°C eight different equilibrium samples were set up. Every
binary compound (FeAl, FeAiZ, FeZAl5, FeAIB) was equilibrated with pure
zinc and with zinc containing .71 wt.% aluminum,

For every sample a small piece of compound (n~ 5g) was
immersed in a small (v 20 g) zinc or aluminum-bearing zinc bath,
respectively. During this procedure proper wetting of the compound
by the zinc bath was assured. The sample was then cooled in water,

transferred to the pyrex tube (10 mms dia.) evacuated 5 tTimes and
purged with argon and finally cealed under vacuim., The nrenarad cansulaes
were positioned in a graphite holder and placed in the resistance
furnace used for a previous experiment, heated to 450°C and maintained
at Thl§ temperature for 800 hours. The adjusted temperature was
simuitaneously controlled using the previously calibrated chromel-
alumel thermocouple. The maximum deviations in temperature detected
during the experiment were i_!OC.

All samples for this experiment are listed in Table IX.

After 800 hours all samples were quenched in ice water, sectioned and

examined metalilographically and analyzed by electron probe microanalysis.



TABLE IX

Samples for Equilibrium Experiments

Sample No.

3
i

2

FeAl equilibrated with pure Zn*

FeAl, equilibrated with pure Zn

2

Fe2A|5 equilibrated with pure Zn

FeAl3 equilibrated with pure Zn
FeAl equilibrated with Zn (Al)¥¥

FeAl, equilibrated with Zn(Al)

2
FeZAI5 equilibrated with Zn(Al)

FeAl;, equilibrated with Zn(Al)

3

¥ Special High Grade Zinc (99,9975 wt.%)

¥% Special High Grade Zinc containing 1.71 wt.% of aluminum

44
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4.2.3 Hot Dipping Experiments

The hot dipping experiments were aimed at gathering infor-
mation about the effect of aluminum, immersion time and agitaticn on
the growth characteristics of alloy layers on iron galvanized in an
aluminum-bearing zinc bath saturated with iron. The immersion
times and aluminum contents in the bath ranged from 10 sec. 1o 30
min. and from O.11 to |.10 wt.%, respectively. This wide range of
experimental conditions was selected with the purpose of obtaining The
widest possible variations in alloy layer development to abet subsequent
metal lographic, X-ray and microprobe analysis.

All exnerimental work was Earried out with 25 x 50 mm

~sampies of Armco iron 0.3 mm thick and prepared as described in
Section 4.1.1.

Five different zinc baths, prepared via The‘procedure
described in Section 4.1.2, were melted in commercial graphite crucibles,
The crucibles, situated within a steel shell, were placed in an electric
pot furnace. The temperature of the zinc bath was measured with the
calibrated chromel-alumel thermocouple protected by a pyrex tube, and
immersed directly in the metal. The fempera*ure was conTrolied to
ha 2.5°C. A slotted insulating cover was used for longer immersion
Times (30 mins.).

An analysis of each bath was performed just prior to the
dipping and after the short time dipping (10 sec, | min, 3 min, 10 min)
was completed long-time tests (30 mins) were carried out in the baths

used initially for the short period tests. For these, only the initial
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chemical composition was recorded, which was of course identical to the
chemical analysis after fhe short time dipping experiments. The iron
and aluminum contents éf baths used in the dipping experiments are
recorded in Table X. These demonstrate that the bath compositions are
not significantly altered by immersing small iron samples.

For each bath two sets of samples were produced. The first
set consisted of 3 samples immersed for 10 sec, | min{ 3 min, 10 min and 30 mir
without agitation. The other set was produced with samples in the presence
of agitation. To maintain the initial conditions for the two sets
as nearly identical as possible the shorter time dippings (10 sec,

I min, 3 min, 10 min) were performed alternatly with and without agita-
tion in the same bath. This bath was then divided into three smalier
baths, serving to produce 30 minutes samplies for both static and
agitated conditions.

The agitation involved an average vertical oscillation of
0.5 in. amplitude twice per second. FPrior to Zn dipping all samples
were degreased in hot tetrachloride, dipped for 5 min. in hot I:| HCI,
rinsed in water and dipped in a hot (70°C) solution of zinc ammonium
chloride (300 g/1) for 3 minutes. They were then dried above a hot
plate (v 3 min) and immersed in a freshly skimmed bath. The oxide
film on the surface of the bath was skimmed again just before removing
the sample. Every sample was queﬁched in water within two seconds of
leaving the bath., After quenching, the samples‘were dried, marked and
é strip was cut for micro-examination leaving the remaining part for

X-ray analysis.



TABLE X

Iron and Aluminum Contents of Zinc Baths
Used in Dipping Experiments
(percent by weight)

Prior To Dipping After Dipping

Fe Al Fe _ Al

Bath | | 0.020 0.120 0,021 0.110
Bath 11 0.026 0.153 0.027 0.150
Bath 111 0.032 0.220 0.032 0.215
Bath iV 0.034 0.320 0.035 0.310
Bath V _ 0.077 [.100 0.080 1.050
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The sections obtained were mounted, ground on emery paper and
polished on Selvyt cloth ihpregnafed with diamond powder suspended in
kerosene., Extensive exberimenfafion confirmed that the etching procedure
proposed by Haughfon(26) would yield satisfactory results., With minor
modifications for several samples, the following etching procedure was
adopted. The specimens were hand swabbed for about 5 seconds on a piece
of Selvyt cloth moistened with amyl alcohol confaining 3 drops of nitric
acid in 50 ml. of alcohol, This removed any diamond particles entrapped
on the surface and gave a very light etch., After this preliminary
treatment the speéimens were etched with Rowland's No, 5 etfching reageﬁ*
(0.075 g of picric acid, 18 ml of ethyl alcohol and 60 ml of water),
This etchant very often led to staining., To remove the stains, the
etching was followed by a brief swabbing on Seivyt cloth moistened wiTh
2 bercen? nitric acid in amyl alcohol, Two percent nitric acid in amyl
alcohol, giving a very light efch, was also used for etfching the equili=-

brated samples,

4,3 X-ray Diffraction Analysis

The primary purpose of the X-ray analysis was to identify
extremely thin alloy layers formed at the iron-zinc interface during
galvanizing, The diffractometer is an ideal instrument for this
puirpose, particularly for direct examination of sheet material, because
of the very shallow penetration of X-rays into most metals, Accordingly,
surface diffraction enalysis was applied to all samples produced from

each bath at immersion times of 10 sec, | min, 3 min, 10 min, 30 min, For



49

comparison, using the same experimental conditions, diffraction patterns
were obtained for the qinary compounds FeAIZ, FezAl5 and FeAIB. Our
initial intention to obtain by the same method diffraction patterns from
prepared ternary phases could not be realized due to an insufficient
supply of these samples, Thus, for the latter intermetaliic phases,
diffraction analysis had to be achieved by the Debye-Scherer powder method,
as described in Section 4.1.5,

To utilize fully the advantages offered by fThe surface analysis
method the experimental condifions must be carefully chosen in advance
since absorption effects can cause a significant distortion of the informa-

Tion obtained,

4,3,1 Theoretical Analysis of the Reflection Method

In analysing very thin surface deposits it is mandatory to select
the experimental conditions yielding a depth of X-ray penetration comparable
to the thickness of the deposits,

Let us first examine the total X-ray intensity diffracted by a
flat specimen(47)_ Referring to Figure 13, let us assume that the
incident beam of intensity Io (ergs/cmzlsec), is | cm square in cross
section, and is incident on the plate at an angle a. Consider now the
energy diffracted from this beam by a layer of length £ and thickness dx
located at depth x below the surface. Since the incident beam undergoes

absorption by the specimen over the path length AB, the energy E incident

.per second on the layer considered is:
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" ~u{AB)
I Io e

(ergs/sec) 4.1)
where y is The linear ébsorpfion coefficient of the material.

If now, a is the volume fraction of the specimen (containing crystalline
particles) having the correct orientation for diffraction of the incident
beam, and b is the fraction of the incident energy which is diffracted

by univ volume, then the energy diffracted by the layer considered is:

a.b, Bl e—u(AB)
o

dx (4,2)

Now, this diffracted energy is also decreased by absorption by a factor

~u{BC .
of e LK“C). Thus the energy flux per second in the diffracted beam outside
The speciaen i3 given by,
d ID =abt Io exp (~p(AB+BC) dx (4.3)
Since
SV B S . - -§ .
sin o sin o sin B

and a = B = 6 for the difffacfomefer, then equation (4,3) yields:

Io ab
dl . = smeoma
sin 6

o ~2uX/sin 8 (4.4)

The total diffracted infensity is then obtained by integrating over an

infinitely thick specimen:
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I. = dID = 2 (4.5)

Here, 1_, b, u are constant for all reflections (i.e., independent

C
of 6) and a may be regarded to a good approximation as constant as
well,

Thus, we may conclude that a flat specimen making equal angles
with the incident and diffracted beams, not only preduces focusing but
makes the absorption factor 1/2 u independent of 6, This lack of dependence
of diffracted intensity on 6 is due fo a balancing of two opposing effects.
At 6 small, a large irradiated area and small penetration depth are com-
bined, whereas at 6 large, a small irradiated area is penetrated to a
greater depth,

Having estimated the fotal diffracted intensity, we must pose a
question: to what depth in the specimen does the information obtained
relate? The total integrated infensity is given in terms of constants &,
b, Io (equafion 4.,5). However, these constants cancel if the infensity
diffracted by the layer considered is expressed as a function of the total
integrated intensity diffracted by a specimen of infinite thickness, Then

for the diffractometer (a

it
>

"
@D
~

~2ux/sin 8

= (|-e ) (4.6)

This expression allows one to calculate the fraction G>< of the total
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di ffracted intensity which is contfributed by a surface layer of depth X.
I we now arbitrarily decide that a conffibufion from this surface layer of,
let us say, 90% of the total is sufficient, so that the confribufion.from
the material below that layer can be ignored, then x is defined as the
effective depth of penetration. Thus we know that the information recorded
on the diffraction pattern (or more accurately, 90% of the information)
refers to the layer of the depth x, and not to the material below it.
Equation (4.6) shows that the effective depth of penetration
decreases as 6 decreases and therefore varies from one diffraction line

to another. For ease of calculation we may write:

A% o in Gty =R 4.7
ot t A
and
K sin 6
L (4.8)
2y

Values of Kx corresponding to various assumed values of Gx are readily

calculated and are given as follows:

G)< | 0.50 0.75 0.90 0.95 0,99 0,999

K
X

0.69 i.39 2.30 3,00 4,61 6.91

Thus the depth of penetration at constant Kx can in principle be decreased

by working at low angles 8 with radiation that is highly absorbed.
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4.3.2 The X-ray Diffractometer

A diffractometfer directly records X-ray intensities diffracted by
a powder or solid specimen, The usual design of instrument (Figure 13)
uses a planar specimen in a reflecting position. The specimen is set with
its surface on the diffractometer rotation axis so that the surface normal
bisects the angle between the incident X-ray beam and the beam diffracted
to the detector. To maintain this parafocussing geomefry the specimen is
geared to rotate at one half the angular velocity of the detector., The
centers of the source and Thé detector slit are set equidistant from the
spectrometer rotation axis. The specimen surface is then tangent to a
circle, passing through the source and detector centers.

FOI exaci TOCUSSing The Specimen wouid have 1o have a curvaiure
in the equatorial plane, But the curvature is approximated by
the tangent surface of the specimen, and the diffracted beam is concen-
trated in a small angular range about fhe focﬁs.

Beam divergence normal to the equatorial plane is |imited by Gse
of Soller slits placed in the incident and diffracted beams, The§e are
paral lel sheets of metal foil narrowly separated and set parallel fo the
equatorial plane,

The angular divergence of the incident and diffracted beams in
the equatorial plane is limited by the divergence and receiving slits,
respectively, The permitted diffracted-beam divergence is generally
greater than the incident-beam divergence, so that the diffracting volume
of the specimen is controlled by the divergence of the incident beam,
The angular width subtended by the focal spot at the specimen affects the

diffraction line width, particularly at low 6 values, The pulse
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output of the detector is registered by a scaling unit, and in mosf
instruments a ratemeter and chart recorder record the intensity variation,
which can be measured Qifh the detector, in a fixed position or by 26
scan at a selected angular velocity.

instrumental aberrations may produce displacement or broadening
of the diffraéfion lines, The effect of most instrumental aberrations is
to displace the scattering distribution without appreciable broadening. The
displacement of the diffraction line due to instrumental aberrations in

the equatorial plane has been derived by Wi!son(49) as:

= et {}-p - 2/ S
""‘)H «.,«S \E :SQ/R ) LAT /R ) CcOS 6
(4.9)

+ (¢2/0) cot 8 + X cote

where ¢, is the angle between the incident axis (28 = 0 and the ray from
the source center To the rotation axis, ¢ is the angular divergence of
the incident beam, Mo is the displacement of the specimen surface plane
from the rotation axis, Ro is the diffractometer radius, rg is The dis=-
placement of the soufce center from the focussing circle in the incident
direction, and X is a parameter due to cross products of instrumental
aberrations,

Thus the zero alignment error:

04 = 05 (I-rg/R ) (4.10)
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and the eccentricity error

2(r /R_) cos 6 4,11
e ©
are of the first order and are the principal sources of error in diffraction
measurement.
The broadening of the diffraction lines is primarily due to

the source intensity distribution.

4.3.3 Selection of Experimenfal Conditions for X-Ray Analysis

In selecting the experimental conditions for X-ray analysis,
minimal peak shift was judged to be a governing criterion., This was
in principle attainable via limitation of the depth of penetration as
well as selection of appropriate instrumental parameters,

The relatively iarge unit cells of iron-aluminum compounds and
the very closely spaced lines of their diffraction patterns (ASTM

(2])), call for the use of X-ray

X-Ray Powder Data File and Horstmann
radiation with relatively longer wavelengths to gain well-separated
diffraction lines, Such a desirable choice of wavelength may not be
acceptable due to other requirements,
Referring to equation (4.8):
) Kx sin 6

X =
2u
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we see that a small depth of penetration x, and consequently a small peak
shift, can be attained only by working at small angles 6 with radiation
which is highly absorbeé by the layer being examined, To estimate the
approximate depth of penetration for the X-radiation available (Fe and Cu
tubes) the average composition of the protective layer was tentatively
assumed to be 37 at.% Fe, 60 at.$ Al, 3 at.% Zn. Then assuming that 75%
of the information recorded on a diffraction pattern pertains to this layer
{i.e., G, = 0,75, Kx = 1.39), the effective depth of penetration x was
calculated for CuKa and FeKcx radiations., Results of this calculation
are shown as a function of angle 6 in Table X1,

Thus, in view of the fact that thickness of the inhibiting layer

30 to be of the order of one micron,

was estimated by Borzillo and Hahn
the CuKOl radiation was selected and the angle 6 was varied within a range
5 = 25 degrees (20, 10 to 50 degrees)., By selection of this radiation
and range of angles, the peak shift was minimized, but at the expense of
line spacing and peak-to-background ratio. To correct for this latter
shortfall in conditions the medium defining slit (1°) and medium

detector (receiving) slit (0,035° or 0.1 mm) and a low scanning velocity
(1/2%/min) were selected. The above parameters then determined the

time constant RC +hrough the following relafions(SO):

time width of slit = 60(v/w){sec] (4,12)
where v - defector slit width in degrees

w - scanning velocity in degrees per minute

FK)S 1/2 time width of slit (4,13)
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TABLE XI

Approximate Effective Depths of Penetration
For CuK, and FeKa Radiation

Effective depth of penetration (microns)

Angte 6 (deg.) CuKa radiation FeK radiation
o - o
a=1,542 A x=1,937 A
5 0,581 1.568
10 t. 16 - 3,12
20 2.29 6.15
30 235 9,00
¥




For our parameters the time width of slit was 4.2 sec, Thus we selected
the Time constant RC = | séc, which assured satisfactory resolution and
prevented the shift of éeaks in the scanning direction from increasing the
line asymmetry and fowering the peak intensities,

The X-ray analysis was performed on a Norelco type diffracto-
meter at the Research Laboratories of the Steel Company of Canada.

The X-ray analysis was applied to all samples produced under
agitation because they all exhibited sufficiently thick inhibiting layers.
The samples were 30 mm long and 25 mm wide. Prior to X-ray examination
the area of every specimen was measured, The zinc overlay was removed in
a 5% sulfuric acid solution with 2g/! of sodium arsenite, The
residual arsenic fiim was then removed by a flash immersion in cold con-
centrated nitric acid and rinsed in water, The specimens were weighed to
the nearest 0,002 mg on a microbalance. After X-ray analysis, the aluminum-
rich alloy !ayer was stripped off in 2 hot solution of 203 sodium hydroxide,
The residual {ilm was then removed by a flash immersion in cold concentrated
hydrochloric acid. The specimens were again weighed on the microbalance.

The powder samples were prepared by grinding the compounds to
325 mesh and the powder obtained was mechanicaily mixed for 2 hours, In
preparing the samples for ‘the diffractometer the powder was firmly pressed
into the holder to secure a stable filat surface, thus minimizing a peak
shift due to poor surface but at the expense of a possible relative
intfensity change due to preferred orientation of crystals in the powder

compact,
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4.4 Electron Probe Microanalysis

in electron érobe microanalysis the concentration of a given
element A in a sampie can in principle be deduced from a comparison between
The intensity IA of an important characteristic line of element A emitted
by The sample under given conditions of electron bombardment and the
intensity I(A) of ths same characteristic radiation when emitted by the
pure element A under the same electron bombardment conditions. In practice,
three different corrections must be made to the measured raw intensities,
‘These account for atomic number differences, for mass absorption, and for
flucrescence effects,

There are two methods of dealing with the raw data. One is to
intferpolate The experimental data for The unknown between that determined
for adjacent known alloy standards. This procedure is excellent for bfnary
systems but is often incenvenient for ternary systems because of the large
number of alloy standards required., The second method is to theoretically
correct the measured intensities on the basis of intensity deta obtained
for the pure components of the ternary system,

We shall not deal here with detailed correction calculations,
‘since these have been freated in great depth by many aufhors(SI’57).

Our attention will be directed solely toward the problems arising from an
application of electron probe microanalysis to the intermetallic phases
of the ternary system Fe-Zn-Al,

r
(2% and Palmer and Thresh()g) have reported

Caioni and Ferrari
iron profiles for the phases formed on commercial galvanized coatings.,

The fatter authors have reported measurements for Ni, Ti, Mn and V as well.
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The elements involved in These examinations, being reasonably close
in the periodic table, viere amenable to application of standard correction
procedures, Cameron and Ormay(zg) through microanalysis have recorded
the presence of a ternary compound in aluminum-bearing coatings. Their
results, however, were not corrected and the percentages do not add to 100%.
These invesfigé*ors found the iron content of the binary phases formed on
iron tfo be in a good accord with values given by the equilibrium diagram.

In our work we have chosen to concentrate on the phases
formed in equilibrium samples, The phases expected were either iron-aluminum=-
rich, with smaller additions of zinc, or iron-zinc-rich with smaller ad-
ditions of aluminum,
4

in axaminina Fa-Al hinarv allove (un +a 10wt
In examining re-AL dihary ailoys WUp To 10 wi .k

Philibert 60}
Al) by microanalysis found good agreement between the results obtained and
chemical analysis at an acceleration voltage E0 = |0 keV, For EO > |3 keV
the correction caiculation becomes meaningless due to the excessive absorp-
tTion of characteristic aluminum radiation by Fe.

Our extensive preliminary measurements carried out at low acceler-

ation voltages (10, 11, i2 keV) on Fe-Al, Fe-Zn binary standards and Fe-Zn-Al

s
ternary standards showed great discrepancies between the chemical analysis
and the convenfionél corrected microprobe results. We concluded

that it was impractical to measure aluminum contents in our ternary alloys,
even with low acceleration voltages, since the zinc is even more absorbant
than the iron., Furthermore, the resulting low intensities associated

with low voltages and the high absorption of Zn radiation by iron lead fo

poor statistics on the zinc readings, Our experimental procedure was

therefore designed to select an optimal acceleration voltage with respect

to the iron and zinc determination which would enable measurement of their
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content to an accuracy sufficient to allow an aluminum determination by
difference. As part oftfhis procedure all prepared binary phases (Fe-Al,
Fe-Zn) and the two significant ternary phases were examined by electronprobe
microanalysis at the accelerating voltages 14, 16, 18, 20 and 22 keV. |In
all these measurements the pure elements were used as standards., The raw
data were first corrected for background and instrumental dead time, then
the atomic number, absorption and fluorescence corrections were applied to
the raw intensities to yield the composition in weight percent, For all
correction calculations the relationships and data given in reference (Gi)
werevadopfed. The calculations were carried out by computor using the

iterative program available at McMaster University.

o
9
3
a
;
o

icne chtainad were then comnared with

the results of chemicai analysis and the acceleration voltage giving the
best results for Fe and Zn was selected for examination of the equilibrium
samples, The aluminum content was then obtained by difference. The results
of tThese preliminary measurements are given in Appendix A, As can be seen
from the summary given in Table XI|, an acceleration voltage of 18 keV
yielded results closest to the actual composition of the examined phases.
This voltage was therefore selected as the base for further analysis.

It is particularly gratifying that the 18 keV optimization gives an excellent
correlation between the chemical and microprobe results over a very wide
dispersion of binary phases at the boundaries of the ternary system,

This gives us strong confidence that the conventional correction methodology
for The 18 keV condition is also a very good interpoletion formula for
points within the isotherm, We anticipate, from the errors in column |8keV

Table Xli, *that the experimental measurements quoted in the following will



TABLE X!}

Summary of Preliminary Microanalysis Results
- (* Values Obtained by a Difference)
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Compound

Chemical Analysis Accelerating Voltage (keV)
(wt.%
14 16 18 20 22
FeAl Fe - 66.57 67.78 | 67.80 | 65,90(~1,0%) 64,20 |65,10
Al - 33,24 32,22% | 32,20% | 34,10%(+2.5%) 35.80% | 34,90%
FeAl, Fe - 51.19 53,60 | 52,10 | 50,20(+0,0% 49,00 | 46,70
Al - 49,99 46,40% | 47,90% | 49,80%(+0,02%) { 51,00% | 53,30%
Fe Al Fe - 45,12 48,25 47.10(+5%) 49,00 44,50
Al - 55,55 51,75% | 51,75*% | 52,90%(-4,5%) 51,00% | 55,50%
FeAl Fe - 4| .84 42,00 42,40 41,70¢(-0,35%) 43,70 | 40.50
Al - 57,58 58.00% | 57.60% | 58.30%(+1,20%) | 56.30% | 59,50%
4 L] #
Zsta Fe - 5,99 6.40 6.,20(+5,0%) 6.50 6,20 |
Phase Zn - 94,0 93,50 |} 93,50(-5,0%) 93,50 | 94.20 |
Delta, Fe - 8,92 9.65 9.30(+4,0%) 10.10 9.80
' phase Zn - 91,08 91.40 |} 88,50(-2.8%) 91,00 I 92,70
Ternary Fe 8.60 8.20 8.20(-4,5%) 8.60 8.40
phase (2)f Al 3,93 2,80% | 4,00%(+1,8%) 0.10%f 0,60%
4 An - 87.47 89.00 | 87.90(+0,5%) 91,30 91.00
Ternary Fe - 42,82 41,87(-2,3%)
phase (5)] Al - 44.60 45 ,68%(+2,2%)
Zn - 12,58 12,45(~1,0%)
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be to an accuracy of better than 5% of the amounts of the two major con-
stituents present and to 5¢ of the zinc (but not the Al) present when it
is the minor consTiTuen%.
The Acton-Cameca electron probe microanalyser used for
this study allowed us to monitor all three elements at once. Prior to
microanalysis the specimens were prepared metallographically and coated in
o

an evaporator with a carbon film of about 50 A thick to assure good elec=-

trical contact between all samples and the grounding electrode,



CHAPTER V

EXPERIMENTAL RESULTS

The results of the experiments described in the previous

chapter are presented in this section.

5.1 Equilibrium Experiments

The equilibration experiments were carried out to provide data on
the ASOOC isatharm of the Fa=7n-Al cvstem The results of our experiment
to determine solubility points on the liquidus curve in the zinc-rich
corner cf the ternary isotherm are summarized in Table X111,
The results for the binary system are in good agreement with
af = A0 (46) : ;
currently reported solubility data at 4507°C . This fact permitted us

to regard the data obtained for the ternary system as reliable and that a

new point on the liquidus curve has been established at the co-ordinate
Fe Al
0.030 wt.% + 0,005 0,21 wt.% + 0,005
We hercafter take the solubility curve to be approximated by a line
connecting the experimental points for the entire required range of
aluminum content in the zinc baths used in the galvanizing studies., In
the second part of the equilibrium experiments the Fe-Al binary com-
pounds were equilibrated with pure zinc or aluminum-bearing zinc, respec-
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The Results of the Liquidis Line Experiments

TABLE XIii

Time of Experiment Fe(wt.%) Time of Fe(wt.%) | Al(wt.%)
Experiment "

Binary Ternary

Approached : Approached 15 days 0,029 .21
from éé gfy: g'gggg from 22 days 0.029 0.2i

T < 450°C . ; T < 450°%

Binary Ternary

Approached 20 days 0,0295 Approached 18 days 0.030 0.21
from o 29 days 0.0292 from 26 days 0.031 0.22

T > 450%C T > 450%
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tively, at 450°C for 800 hrs, After quenching, the samples were sectioned
and prepared for metallographic observation. (Etching agent - 5 drops of
HNO3 in 50 ml of amy! alcohol)., Prior to microanalysis the etching was

removed.

Equilibrium Between FeAl and Zn

A typical microstructure of this test sample is shown in Figure
l4. Near the original Fe-Al-Zn interface there is a continuous layer of

a phase (later identified as zinc-bearing Fe,AlS) having a slightly lighter

shade than FeAl phase at the bottem., Moving upward we find a three-phase
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a fine dispersion of zinc-bearing F62A15 and white liquid zinc streams,
Out of the metallographic field at the top this three-phase region merges
into The single liquid zinc phase.

All the phases present were analysed with the electron micro-
probe. In all these measurements the eleciron probe spot was always located
within 5 to 10 microns of the phase interfaces, No attempt was made fo
measure concentration gradients within any one phase. All microanalysis
data and results pérfaining to these experiments are given in Appendix B,

The results obtained for the above sample are presented in Table B,l.
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Equilibrium Between FeAl and Zn(Al)

v

The microstructure of This specimen was the same as the previous
one near the FeAl terminus, However, the fine dispersion of the blue-grey
phase (FCZAES) extended through the large columnar phase (6,) into the liquid
zinc matrix surrounding the immersed sample as indicated in Figure 15, At
the outside interface of the large grains the three-phase equiiibrium could
be most easily identified, As can be seen this three-phase equiiibrium
is formed between the white zinc, the grey Iargé—grained phase and the small
grains of blue-grey phase., The microanalysis data and the results are

given in Table B,2.

Equilibrium of FeAi, with Zn

The microstructure of this specimen consisted basically of a
three-phase equilibrium throughout, as shown in Figure 16, Within the
zinc matrix (white) there are regularly shaped grey grains (Sl) along
with a dark phase (FezAIS) quite frequently forﬁing friple-points of
precise three-phase equilibrium, The small particles of the dark phase
are also to be found within the grains of the grey phase, |In the
microanalysis each phase was examined in two phase contact as well as at

triple point equilibrium, The results obtained are presented in

Table B,3,
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Equilibrium of FeAl, with Zn(Al)

The microstructure of this sample, in contfrast fo the previous
one and although strongly attacked by the zinc, stiil contained remnants
of the original FeAI2 phase, The general microstructure consisted of the
dark grey phase imbedded in a matrix of liquid zinc, as shown in Figure (7.

The data and results of the microanalysis are given in Table B.4,

Equilibrium Between Fe,)A!5 and Zn

The microsiructure of this specimen was relatively simple, as
i tlyetrsted in Figure 18, The arlgins! F22A25 shass was in snullihelun
with zinc as well as with large grains of the grey phase. The latter
phase also equilibrates with zinc, In Figure 18 a Three-phase
equi librium can be cléarly identified between the described phases. This

triple point was analysed by the electron microprobe and the results

obtained are given in Table B,5.

Equilibrium Between Fe7AlS and Zn(Al)

A typical feature of the microstructure of this specimen was
that all remnants of the original FezAl5 phase had disappeared. The FezAl5
phase was apparently rapidly attacked by the aluminum-bearing zinc and

the microstructure was formed exclusively of irregular grains of dark phase

embedded in a zinc matrix, Figure 19 shows a typical microstructure of
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this specimen. The blue-grey phase was analysed with the electron probe

with results given in Table B.6,

Equilibrium Between Feﬁls and Zn

The interface of this specimen was heavily damaged due to the
extreme brittleness of FeAI3 so no consistent metal lographic examination
of this specimen was possible., However at a few spots where the
interface seems to have been maintained, a distinguishable fwo-phase zone
separated by two single phase zones was apparent, No microaznalysis
could be carried out.

Equilibrium Between FeAl, and Zn(Al)

3

The interface of this specimen was less subject To cracking
than in the previous case which allowed significant observations of the
FeAl3 attack by zinc, This attack resulted in the formation of a two-
phase zone separating two single-phase zones as indicated in Figure 20,
Microanalysis was carried out on the blue-grey phase at its interface

with zinc, The results are given in Table B.,7,

5.2 Metallographic Examination of Galvanized Specimens

The objective of the galvanizing experiments was as stated

before, to generate the widest possible variations in the development of
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intermetallic phases at the iron-zinc interface. The metallographic

examination aimed to detect the sequence in the development of

observable intermetallic phases. This information was to be compared with

X-ray analysis, particularly useful at early stages of the growth process,

and microanalysis of ternary compounds which reach a satisfactory thickness

at the latest stages of the process (i.e., longer times, higher aluminum

contents).

To iliustrate the relationship between aluminum content and growth

characteristics of the intermetallic phases, their metal lographic develop~

ment will be discussed for each given time of immersion as a function of

the aluminum content of the zinc bath.* (All metallographic observations

were carried out at a magnification of 1140X),

(a) tmmersion Time 10 Sec,

Bath 1:

The major part of the interface between iron and zinc is formed

by an even line without any intermediate phase apparent. At a

few spots there are very small regions with a phase penetrating
slightly below the interface., This phase has a grey, spongy
appearance., Small nuclei of another phase were observed within this
phase, and growing from the iron interface. At several spots along
the unsitacked interface very smali crystals of regular shape

were observed growing from the iron,

The agitated sample exhibited the same character. However,

¥ See Table X
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the appearance of small crystals formed along the unattacked inter-
face was more frequent. In general they were difficult to detect

because they are coloured neariy the same shade as iron,

The major part of the interface was found to be even and without
any intermediate phases present. The regions of attack on the iron
by a spongy grey phase having a burst~like shape were less fre-
quent than for the previous bath, The number of regular crystals
was again found to be very limited., Some of them appeared to be
separated from the iron, without any attack below them,

The stirred sample exhibited the same basic characteristics, but
the outbursts of spongy grey phase were less frequent than in
the bath without stirring. The tendency of the regular crystals
to flake cff was more pronounced and some appeared to float in

the Zn overlay.

The entire interface was found to have an even appearence

with no intermediate phases apparent, and no outbursts of the spongy
grey phase, At several spots the line of the interface was
observed to be slightly uneven and here again regular crystals
growing directly from the iron were identified. The agitated

sample had the same features, but the regular crystals were again
more often separated from the interface while remaining closely
attached to the interface. The detached crystals were easier to

identify because of this light blue-grey shade,
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Bath V:
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The situation was identical with the sample from the previous
bath for both the static and agitated specimen,

These samples exhibited the same structure as those from the
previous bath, The line of the interface was apparent with a

fow small regular crystals growing from the iron,

(b) immersion Time | Minute

Bath 1.

Bath 11:

The interface had a more uneven appearance but no attack was ob-
served along the major part of the interface, The outbursts
of spongy grey phase were more pronounced and they contained
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darker shade and grew from the interface with iron., The
agitated sample exhibited the same principal features as the

static one,

The structure was very similar to that in the previous sample,
The outbursts of spongy grey phase were less extensive than for
Bath I, The regions of growth of regular crystals were more
extensive with better developed crystals than in Bath |, The
stirred sample possessed the same structure but the outbursts

of spongy grey phase were less frequent than for the bath without
stirring.

Al'l the characteristics of intermetallic phase development

thus far described can be observed in Figure 21, Going from the right side
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we can see an uneven interface due apparently to the growth of a phase region
of regular crystals (i), féllowed by a region of attack by a spongy grey
phase (2) penetrating bélow the unattacked inferface. At the interface

of this phase with iron the nucleus of another phase growing from iron (3)

is observed, The original even interface follows with a few regular

crystals neariy separated but still closely attached to the original inter-

face. The section ends on the left with an outhurst of a spongy phase.

Bath Il1l: The interface again had an even appearance, No outbursts of grey
spongy phase were detected. The regions of growth of the blue-~
grey phase were still limited in number but when present were
larger and more easily detectable. often being detached from the
inferface, The agitated sample exhibited similar characteristics,
However, the regions of the blue-grey phase were found ‘o bé more

extensive,

Bath IV: The static as well as agitated sample exhibited the same features

as the samples of Bath |11,

Bath V:  The characteristic feature of both samples, as compared to those
from Bath 1V, was the appearance of the interface. A continuous
uneven layer having a clear blue-grey shade coveied nearly the

entire interface.
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(c) Immersion Time 3 Minutes

Bath 1:

Bath 11

The structure exhib{Ted the same basic features as that produced
by an immersion time of | minute in Bath |, However, the grey
spongy phase formed a continuous layer covering the interface
nearly completely, The regions with blue-grey phase crystals
were very limited in occurrence as were regions of the

inferface without any infermediate phases presénf. The

agitated sample exhibited the same features as the static

sample, but the regions with no attack were more extensive,

this sampie haa a similar sTructure as ThaTt trom BaTn i, buT
the outbursts of grey spongy phase were less extensive and clearly
exhibited a layer of another phase growing from the iron inter-
face, Regions with the blue-grey phase were more extensive than
for Bath |, The crystals were better developed, showing a strong
tendency to peel off the iron,

The seme situation as for the static sample existed, but the
blue-grey crystals growing from the iron interface had a more
pronounced blue appearance and were thus more readily distinguish-

able from the iron.

These latter structures are illustrated in Figure 22, Going

from the right there is the even unattacked interface between iron and zinc

with several small blue-grey crystals growing from iron (1), This region
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is followed by an outburst of the grey spongy phase (2) penetrating into
the iron and exhibiting a layer of another darker phase (3), formed at

-the interface with iron.

Bath [1l: The major parft of the interface had an even appearance without
any intermediate phase and no attack apparent. At several spofs
the growth of a blue-grey phase was>defecTed having a very uneven
thickness, At some of these spots the nuclei of a dark grey
phase were observed, This phase, in contrast to that in
Figure 22, did not exhibit any nuclei of another phase at the

iron interface, it was always found to be formed adjacent to

i e (8 i Aoy o ilide
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The dfaver of ihe blus-uiéy phase, S agi €4 sampié had The
same basic features as the static one but with less frequent
occurrence of nuclei of the dark grey phase. The regions of
growth of the blue-grey phase were found to be more extensive
than for the static sample, apparently at the expense of infer-
‘face regions without any observable intermediate phase. This
stage is illustrated in Figure 23, Towards the right the even
line of the original infterface is followed by an outburst of

blue-grey phase and then by a nucleus of a compact grey phase

penetrating into the iron.

Bath IV: There was no grey attacking phase detected within this sample.
The amount of even interface without observable intermediate
phases was still quite extensive, but the regions of the blue-

grey layer were more frequent than for Bath 111, This layer was
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of highly variable thickness extending deeper into the iron
when growth towards the zinc occurred, The agitated sample had
nearly the entire interface covered by an uneven layer of blue-
grey phase with few remnants of the original even interface.
Figure 24 illustrates the characteristic difference between an
unattacked interface and an interface with a growing blue-

grey phase (1),
Bath V: The compact layer of blue-grey phase formed along the entire

interface, Also, regions of detached blue-grey crystals accompany

the extensive growth of this layer, The agitated sample exhibited

(d) Immersion Time 10 Minutes

Bath |: The entire interface of this sample was covered with a grey spongy
phase of varying thickness, Extensive regions of this phase
were of excessive thickness and had very unstable interfaces with
both the zinc and the mother phase layer at the iron interface.
Small regions of the interface were covered with a very thin
grey phase, usually accompanied by regular crystals on the top.
The agitated sample exhibited a similar structure. However, at

several locations regions without any attack were maintained.

Bath 11: The static and agitated samples of this bath exhibited the same

structural features as the static and agitated samples, respec-



Bath 111:

Bath V.

17

tively, produced from Bath I.

This sample developed a thick continuous layer of dark-grey
phase along the entire interface, No other phase was detected
within this phase along the iron interface. Blue-grey phase
particles were observed being attacked at the unstable fnferface
of this phase with the zinc,

The agitated sémple, on the other hand, still exhibited
extensive regions of the blue~grey phase layer., However, there
were also frequent regions of dark grey single phase. This
phase apparently grew at the expense of the blue-grey phase,
actually separating this layer from iron as illustrated a+

Points (1) in Figures 25 and 26,

The entire interface of this sample was covered with a rather
loose layer of the blue-grey phase. Frequently, this layer
spontaneously peeled off (see Figure 27) perhaps via the

volume expansion associated with the undergrowth of the dark

grey phase (as previously illustrated in Figure 26), At the
regions where the peeling tcok place a formation of the dark

grey phase (1) penefrating into iron was sometimes detected at
the freshly formed interface. The agitated sample exhibited

only a continuous layer of blue-grey phase which had spontaneousiy
peeled off, The number of grey phase nuclei was much reduced as

compared to the static sample.
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Bath V: This sample exhibited only a layer of the blue-grey phase. The
layer was mainly even and compact but at several locations excessive
growth towards the zinc was detected, The latter feature is
illustrated in Figuré 28, The agitated specimen had the same

structure as the static one,

(e) Immersion Time 30 Minutes

The phases produced for this time in Baths I, I, and 11i
exhibited the characteristic features of Figure 29, Along the entire
inferface a continuous layer of grey phase was observed near the base
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lying between the crystals (l) exhibited an unstable interface when in

contact with zinc, This feature is illustrated in Figure 30 and shows the

top part of the siructure (as indicated by dashed line in Figure 29).

Bath 1V: The major part of the inferface was covered by a moderately
Thick grey phase, However, there were still regions with only
the layer of blue-grey phase present, which occasionally flaked
away., The agitated sample had the interface covered mainly with
a continuous layer of the blue-grey phase, However, frequent
outbursts of dark grey phase were readily observable, as illustra-

ted in Figure 31,
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Bath V: Both samples from this bath exhibited only the continuous layer of
the blue-grey phase having a loose appearance throughout., No

other phase was detected.

The detailed metallographic examination of galvanized samples
described above enabled us to observe the nucleation and growth of a thus-
far unidentified blue-grey intermetallic phase, At early stages of the
pfocess this layer was not thick enough to permit utilization of electron
probe microanalysis, but with increasing aluminum contents and time, its
growth finally yielded a sufficieni thickness, as demonstrated at location (2)
in Figure 27, The microanalysis of the blue-grey intermetallic phase
COtiespunding 1o Figuie 27 yisided ihe iesuits yiven i Tabis KV,

Along with the metal lography this result served fto uniquely
identify the blue-grey phase as zinc~bearing FezAl5 as discussed in Section 6,

The dark-grey phase and the grey spongy phase, which often appeared, were

metallographically identified as &

| and & phases, as discussed in Section 6,

5.3 X-Ray Diffraction Anaiysis of Galvanized Samples

Since the galvanized samples produced with agitation generally
exhibited thicker and more evenly developed regions or layers of the biue~
grey intermetaliic phase, all these samples were subjected to diffraction
analysis. For comparison, diffrac?ion patterns weré obtained for three
powdered binary phases using identical test conditions as described in
Section 4,3.3, All the results of the diffraction analysis are given in

Appendix C, Table C.I to C.27,



TABLE XIV

Microanalysis Data and Results for Blue-Grey Intermetallic Phase Shown
in Figure 27

Raw ‘Infensity of Pure Elements (counts/sec)
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. Al Fe LN
%1ns+ial‘ 115893 32790 10178
5
IFinal 115571 32496 9874
Raw Intensity (counts/sec) Composition (wt.%) g
Phase Examined Al Fe Zn Al Fe 3 Zn
R S

i i
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CHAPTER VI

s

DISCUSSION

The experimental resul+ts will be discussed mainly from the
point-of-view of the inhibifiﬁg mechanism causing variations in the growth
kinetics of the intermediate phases on iron in aluminum-bearing zinc baths
at 450°C, First, the results of the constitutional experiments will be
related to the X-ray analysis and metallographic observations of galvanized

specimens to provide a base for discussion of the inhibiting mechanism,

6.1 Constitutional Experiments

The constitutional experiments were undertaken to gain basic

data pertaining to the 450°C isotherm of the Fe-Zn-Al system,

6.1.1 The Liquidus Line in the Zinc-Rich Corner

Recognition of the effect of iron in the bath on inhibiting

action has develop@d gradually. Babli+(22'25)

investigated the inhibiting
effect of aluminum covering a wide range of temperatures and aluminum
contents, mainly under conditions of ifon saturation defined by dross
formation. Hughes(24) examined the effect of aiuminum additions up

to 1.5 percent by weight at various temperatures, The zinc baths were
prepared from pure zinc without further specification of iron content,

HaughTon(26) first drew attention to the role of iron in conjunction with

8l
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the aluminum additions to the zinc bath., |1 was demonstrated that an increasing
amount of iron in an aluminum-bearing zinc bath favours more rapid growth

(27,26} and Cameron(zg) also

rates of the inhibiting layer, Horstmann
considered the effect of iron in their investigations. However, their
iron-saturated bath was defined either from the iron-zinc binary QEagram or
through dross-éafurafion. Borzillo and Hahn(BO), in examining growth of

the inhibiting aluminum-rich alloy layer, worked with low and mediﬁm iron
contents referring again to the solubility in iron-zinc binary systems.

The inhibiting aluminum-rich alloy layer was found to grow parabolicélly wiTh
immersion time, the rate of its growth being affected by temperature

and the aluminum:iron ratio of the bath, At Temperatures of 450°C and

470%, higher ratios favoured slower growth rates of this laver.

In the present work we undertook to produce the galvanized
samples in a zinc bath saturated with iron., This condition, besides
approaching closely to the practical situation, also eliminates the iron
confent as a free variable, At the same time, a relatively thick aluminum-
rich ailoy layer, more suitable for subsequent analysis, is formed.

The saturation conditions are defined by the ternary phase diagram.

Cameron and Ormay(24) in their proposal of a tentative
Fe-Zn-Al isotherm éf 450°¢C suggested that increasing the aluminum content
decreases the iron solubility in zinc, as illustrated in Figure 8. To
verify this proposition the experiments of Section 4.2.1 were adopted, and
the methodology was checked first on the binary Fe-Zn system., This yielded
the saturation concentration of iron in zinc as 0,029 wt.%, in good

agreement with published data. A second point on the ternary liquidus line

was determined as an average from two long time experiments wherein the
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equi librium point was approached from below and above saturation, The
two results obtained (Tabie Xit1) show good consistancy, suggesting the
average peint on the I{quidUS line to be a re!iablé one., This point has
the co-ordinate 0,030 + 0,0005 wt.% at 0.2! + 0.005 wt.% Al,

The result indicates that, contrary to the claim of Cameron
and Ormay, the ircn solubility in zinc at 450°C is constant, or sjighfly
increasing.wifh increasing aluminum content. For subsequent preparation
of zinc baths we approximated the iron solubility curve by a straight line
whose slope is defined by the two measured points,

Figure 32 shows our modification of the zinc corner of the 450°¢C
isotherm of the Fe-Zn-Ai system, The limiting tie-iines for the & phase
are dfawn to agree with Cameron and Ormay's point at 0,07 wt.%2 Al on the
iron solubility line, The coriesponding point for The 5i phase
has been displaced towards 0,!1 wt.% Al as suggested by our own resulis,
Referring to our linearized iron solubility we may conclude that the zinc
Bath | to IV used in the dipping experiments (see Table X) were by design
very close to iron saturation, For Bath V we failed to achieve a control led
saturation point so we must designate it, with other authors, as dross-

saturated.

6.1.2 Constitutional Experlmonfs on the Interactions of Fe Al Binary
Compounds and Zinc at 450°C

~ The metallographic examination and electron probe microanalysis
of samples containing phase equilibria between FerAlm compounds and liquid
i

zinc have establiished some important constitutional relations on the 450°¢C
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isotherm of the Fe-Zn-Al system, As previously indicated electron probe
microanalysis of these samples presented a problem due to the excessive
absorption of the aluminum characteristic radiation. Nonetheless, prelimi-
nary tests at different acceleration voltages summarized in Table XI|
enabled us to select that acceleration voltage (18 keV) which yielded
theoretically corrected compositions close to the chemicai compositions of
the prepafed compounds ,

Referring to Table XI1 we see that for the iron content there
was an error of + 5 percent of the amount present. The upper and jower
limits of the erro} are associated with the iron content of the binary
phase Fe2A|5 and the aluminum bearing 6! phase, respectively, The results
ob?ained for the binary phases & and 8, were also accompanied by errors
approaching 5%.

The measurements on phases FeAl, FeAl FeAl3 and zinc bearing

27
FezAl5 yielded results within a standard experimental error + 2.2 percent.
From these observations we have estimated that for the analysis of ternary
unknowns the accuracy will be better than 5% of the amounts of the two ma jor
constituents present and 5% of the Zn present when it is the minor consti-
tuent. When Al is the minor constituent its error will obviously be much
higher, The microstructure formed in the sample Fe-Al-Zn, as illustrated

in Figure 14, identifies two phase equilibria between the phase pairs
FeAI-FeZAIS, FezAIS-él and Gl-Zn, and fhree phase equilibria between

the triplets FeAI-FeZAI5~5| and FeZAIS—é'-Zn. The dispersion in the latter
cases were such as fo prevent microprobe analysis of appropriate triple
points, However, it is cliear from the micrograph that the two two-phase

pairs FeAl-FeZAI5 and FezAIS-dl must rather closely define the first of the
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three-phase friangies., The results of electron probe microanalysis
given in Table B,| as compéred with the compositions of the prepared
standards permitted us %o identify the phases present as specified
above .

The microstructure of the sample FeAl-Zn(Al) exhibited the same
types of two-phase equilibrium as the previous sample., In addition,
a measureable three-phase equilibrium was obtained as illustrated in
Figure 15, The results of microprobe analysis of a corresponding triple
point (Table B.2) provide data on the three-phase triangle between Zn,

aluminum-~bearing 6, and zinc-bearing Fe?AlS phases, The composition in

the zinc corner was not determined since the adopted method did not yield
reliable results for such low concentrations of iron and aluminum,
The three-phase equilibrium between The above-mentioned phases

was also constituted in the samples FeAl,-Zn and Fe,Al.-Zn, as illustrated

2 25

in Figures 16 and 18, respectively, (For the microprobe results see
Tables B.3 and B.5},

The heat treatment of the sample FeAl,-Zn led to complete

Z

transformation of the original FeAl, to the three phase mixture (see

2

Figure 16), whereas remnants of ihe FeAl2 phase were detected in the
structure of the sample FeAlz—Zn(Al), and the major part of the structure

here consisted of a dark grey phase (Fe A'B) having some regular

2

and some irregular shapes in Two-phase equilibrium with Zn, as shown in

Figure 17. The composition of these two FezAl morphologies at the

5
interface with zinc were different, suggesting that they correspond to
different tie-lines in the same two-phase field. The zinc, in particular,

was found to vary from 4,90 wt.% to 11.53 wi.% (see Table B,4), indicating
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as well that long range equilibrium was not attained in the sample, The

foregoing observations on the FeAl and FeAl., samples make quite clear that

2
the latter compound is not stable in contact with zinc and that when immersed
it rapidly undergoes a transformation via The zinc-bearing FezAl5 phase.

A similar strong attack was observed for the sample FeZAIS-
Zn(Al), There the conglomerates of blue-grey phase formed (Figure 19)
were identified as zinc-bearing FezAI5 phase (see Table B,6). Thus
the strong attack can be attributed solely to solution of zinc in the original
binary FeZA!5 phase.,

Neither sampie for the FeA13 binary compound yielded conclusive
results because of a heavily damaged interface between the compound and
zine, Howawver ceveral regions ot sound inferface in ihe sampie Feﬂiz—
Zn(Al) were observed and indicated that the attack of zinc on this
compound is very much slower than in a case of the FeZM5 phase. The limited
attack takes place Tthrough formation of a narrow liquid-penetrated layer
(see Figure 20) at the interface. This layer was identified (Tabie B,7)
as zinc-bearing FeAI3 phase,

The phase relations, based on the foregoing metallographic
examinations can be summarized as follows., The phases FeZAI5 and FeAiSA
equilibrate with zinc at 450°C by dissolving 14 wt.% and 7wt.% of zinc,
respectively. The zinc-bearing FezAl5 phase forms a three-phase
equilibrium with zinc-bearing FeAl and an aluminum-bearing Gl phase,

The zinc-bearing FeAl phase also forms a two-phase equilibrium with the
aluminum-bearing 6! phase, The rapid attack of zinc on the FeAI2 phase

‘suggests that the stability range of this phase is confined to very low

zinc values,
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The quantitative data presented in Tables B.l to B.,7 are
conveniently summarized in Table XV for applicafion to a construction of
the Fe-Zn-Al isotherm at 450°C, as shown in Figure 33,

The iron-rich corner of the diagram along with the region near the
FeAl, phase has only a qualitative character since it is constructed from
limiting binary systems, and omits the complications which arise from the
order-disorder reaction in The Fe-rich phase(6), The principle tie-lines
of the two phase regions and the three phase equilibrium between the zinc-
bearing Fe,Al

2™s5 P
established quantitatively. This part of the isotherm will be found later

hase, aluminum-bearing GI phase and zinc have been

to be of a crucial importance in relation to the inhibiting action of
aluminum in the zinc bath,

3 g b ' ) (24,25)
existence of the fternary compound identified originally by Hughes ™ '’ .

' We see that this supposed compound located in Cameron and Ormay's isotherm

oAlg

phase, the latter dissolving up to 14 wt.% of zinc., Similarly, the FeAl

of Figure 7 is actually an extension info the isotherm of the binary Fe
5
phase extends to a depth of approximately 7 wt.% of zinc.

Having established the significant tie-lines and points for the
“aluminum-bearing 5] phase, (Table XV and Figure 33) we have adopted
Cameron and Ormay's proposal for the zinc-rich corner with the following
modifications (see Figure 32), As we demonstrated experimentally in
Section 5.1, the binary iron solubility 0.029 wt.% increases-slightly with
increasing aluminum content of the zinc. The corner of the three phase

(29)

triange g—dl—Zn is retained as being at 0,07 wt.% Al . The corner

of a three-phase triangie, zinc-bearing FezAls—él-Zn, has been displaced
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TABLE XV

et

Compilation of Electron Microprobe Data

for the 450°C Isotherm of the Fe-Zn-Al System

Type of Tie-Lines Measured on Composition (wt.%)
Sample
Al Fe Zn
Three-phase equili- FeAl-Zn 43,09 i2.80
brium between FepAls 8.23 88,15
(R), 6;(E) and FeAl 18,89% 69,07 12,04
‘@ FeAl -ZnAl 42,27 13,66
42,352 135,68
8.47 88,31
Av,
Zn-bearing FepAis(A) 43,73* 42 ,89+! 13.38+1%
Ai-bearing di(E} £ 3.42% 8.3207i% §0C,22%1%
In-bearing FeAl(G) 18,89% 69,07+2% 12,04%2%
Two-phase equili- FeAl -Zn(Al) 40,28 1587
brium between Fephls § FeAlp-Zn 40,10 12.43
and Zinc FeoAl5-Zn(Al) 40,52 12,14
Av. _
Zn-bearing FepAls5(C) 46 ,09% 40,30+2,5% | 12.81+1%
Three-phase equili- FeAl-Zn(Ai) 41,25 14,51
brium between FepAls(B) 8,32 87.79
-8, (F) and zinc Unreliable results
FeAlp-Zn 41.50 15.85
8.55 89.17
_ Unreliable results
FepAls~Zn 41,95 13,95
7.47 89.45
Unreliable results
Av.
Zn-bearing FepAl5(B) 44 34% 41.56+2 5% § 14,10+1%
Al -bearing &; (F) Z,92% 8.28+0.5% ' 88,80+2%
UnrelTable results




Table XV (continuead)

- 89
Type of Tie-Line Measured on Composition (wt.%)
Sample
Al Fe Zn
Two-phase equili- FeAlz-Zn(Al) 43 ,98% 39.441?% 6_58t}%

brium between
FeAlz(D) and zinc

¥ Al content obtained by difference,
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to 0.11 wt.% Al as suggested by our X-ray analysis of galvanized specimens

(see Section 6.2 below), The upper limiting tie-line of the two-phase

region FezAIS-Zn remains uncertain but fthe existence of an equilibrium

baetween FeZAij and Zn (1,71 wt.% Al) shows clearly that the 1,70 wt,%
Al value is a lower limit for this set of tie-lines, The limiting tie-

line of the Twé—phase field in contact with FeAl3 can be inferred from the

Zn-Al binary diagram and takes the value 16 wt.% Al.
The 400°C and 500°C Fe-Zn-Al isotherms recently published by

b are in qualitative agreement with our results at 45000,

Koster and Gddecke
with a single exception., We did not, in contrast to their observaticns,
identify an isclated § phase field above the 6! phase field near the

zinc corner of the diagram, although our 6, field (Figure 33) actually

includes the area attributed by those authors to 6,

6.2 X-ray Analysis and Metallographic Examination

The metal lographic observations of the galvanized samples
(22,23)

revealed the presence of phases previously described by Bablik g
Hughes(24), Haughfon(26), Hors+mann(27’28), Cameron and Ormay(zg) and
Borzil lo and Hahn(BO). Thus the iron-zinc compounds could be readily

identified by referring to the previous investigations and to the consti-
tutional data gained in the present work,
The microstructure develioped in iron-saturated, aluminum-

bearing zinc baths exhibited the following types of structures:
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(a) Outbursts of a grey spongy phase confaiﬁing a second phase which
nucleates at the iron.inferface, as illustrated in Figures 21 and 22,
‘ The phase at the iron in%erface (3) nucleated within a short time and
grew rapidly in thickness along the the original phase (2), This latter
phase was formed only in baths containing 0.11 and 0,15 wt.% Al, The
nucleation and growfh'was suppressed by higher aluminum coﬁfenfs and
agitation, the time of immersion having the inverse affect. This structure
was identified as aluminum-bearing £ with an occluded aluminum-bearing &

phase at the iron interface.

(b) A grey phase having a compact appearance when nucleated (1) (Figures
23 and 25) and contacting at later stages a very thin layer of another
phase which has nucleated at the iron interface (1) (Figure 26), While
the former phase, following nucleation, grew with time, the latter mainfained ‘
an essentially fixed thickness, being hardly detectable, The phase (1)
(Figures 23 and 25) was detected at-the higher aluminum contents (0.22%
and 0,32%) and its nucleation and growth was retarded by even higher
aluminum contents and agitation., Long immersicn times facilitated nuclea-
tion of this phase. Once nucleated, this phase grew rapidly toward the
iron and tThe zinc,simultaneously extending sideways along the iron-zinc
interface, These characteristics help us fo identify the bulk grey phase

as aluminum-bearing ¢ -phase with I' being formed at the iron inferface.

(c) The structure formed at early times as an optically unobservable film¥

* In a subsidiary experiment not reported here we have succeeded in stripping

and |den+rf{sng this early stagez film and found it to have Ihlckﬂess of
v 0,25 micron,
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at the iron-zinc interface drew most of our éffenfion. Increasing the al-
uminum content, agitation énd dipping time favoured further growth of

this structure, firsle'by formation of overall semi-detached crystals

at the interface (1) (Fiqures 2| and 22), and which with higher aluminum
contents and longer dipping times tended to grow and form outbursts (2)
(Figures 23 and 25) or rough continuous layers of measurable thickness (1)
(Figure 24), The latter mode was favoured by higher aluminum contents in
the bath leading with the highest values to formation of a thick layer
which later broke away from iron (Figure 27),

Characteristic of this structure was the difficulty of distinguishing
it metallographically from the base metal since there was no apparent
interface between the structure and iron, The phase grew predominantly to-
wards the zinc, exhibiting a discernible penetration of the iron only
below pronounced outbursts, |

The electron probe microanalysis carried out on a weil-
developed aluminum=-rich alloy layer, shown in Figure 27, identified that

the bulk of this phase consists of the zinc bearing Fe AI5 phase, We wish

2
to emphasize, however, thai this result, presented in Table XIV, should
be considered with some reservations. The surface diffraction experi-
ments clearly indicated the presence in the structure of other iron-
aluminum phases,
The results of X-ray analysis of the intermetallic phases formed
on samples galvanized in aluminum-bearing zinc by other authors provides
véry valuable information, but are by no means systematic, thus often leading

to controversial conclusions, Hughes(Z)), in analysing chemically The inter~

metallic layer formed in a zinc bath containing 15% Al, disclosed its
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ternary character, He also postulated that the aluminum in this layer

26)

was present as the FeAl, phase, Haughfon( , using the X-ray powder »

3
method, identified the fnhibifing layer formed on specimens galvanized in
zinc baths containing 0.10 wt,% Al as the FeZAI5 phase, Horsfmann(27)
identified the presence of the phases FezAl5 and FeAl on samples prepared
in a 0,5% Al-zinc bath, using a surface diffraction method. In addition
a number of unidentified lines were recorded by Horstmann and these were
ascribed to two unknown ternary compounds, Cameron and Ormay(zg) identified
Fe Al5 in the surface layerlwifhouf referring to the aluminum content of

2
the bath, Finally, Borzillo and Hahn(so),

using surface X-ray analysis
on specimens prepared in 0,2 and 0,3 wt.% Al zinc baths, identified the
FGZAI5 phase along with some unidentified lines which were supposed fo be
due To a particulate ternary blue-grey phase.

From all the available data it was evident that fto arrive at
conclusive results systematic X-ray analysis would have to be undertaken.
Thus, a surface diffraction study was carried out on samples prepared under
carefully defined conditions for the formation and growth of the inhibiting
alloy layer,

In the following paragraphs we present a critical discussion -
of the basic X-ray data on which our study must be based, A number of
unidentified lines have previously appeared in published work and the
possibility that some of them are due to the phase FeAI2 cannot be
excluded. The crystallographic data for this phase are not in the ASTM
X-ray Diffraction Data File, Our d-spacings for FeAl2 and their intensities,
as given 'in Table C.l, support the proposal of Bradley and Tay!or(gl) that
the diffraction pattern of this phase is too complicated o be attributed

:
to the simple rhombohedral structure proposed by Osawa(S'. The presence
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o
of lines with d-spacings 2,050 and 2,11 A in our FeAI2 diffraction pattern

needs discussion since both also represent principal lines for the FeZAl5
phase, It cannot be decided for sure at this time whether these two lines
pertain to the actual pattern of FeAl2 or result from a smail amount of
Fezl-\t5 contamination.

The d-spacings obtained in our examination of phase FeZAl5
(Table C.2) are, in most cases, identical with those reported in the
ASTM X~ray Data File., It should be noted that the line given in the ASTM
File by the d-spacing 3.86 Z was found by us to be displaced to a higher

' o

angle of reflection (d = 3,809 A), A similar displacement, but lower in

absolute value, was detected for the line given in the ASTM File for

| e Ee T A N R TN ¢
d-spacina Z.39 A. (Our recorded vaiue = d = 2,304 A}, Horsimann
also reported Fe2A15 phase lines with d-spacings 3,8l X and 2,36 2 S0
the ASTM Data File is obviously in error. The extra line at d = 2,102 X
A apparentl!y indicates that traces of FeAI2 phase were present in the FezAl5

nlane.

The diffraction pattern obtained for the Fe/\l:5 phase as
presenied in Table C.3 exhibits very good agreement with that reported
in the ASTM X-ray Data File., We note, however, that four reflections,
having d-spacings 2.23, 2,08, |.98 and |,93 2, are missing from our
pattern, The relative infensities of the majority of recorded reflections
are different. This effect was expected as a consequence of the adopted
mounting method for powdered specimens, leading to preferred orientations,
The d-spacings 4.90, 3.82, 3,20, 2,05 and |,94 : could clearly be identified

as those for the FGOAIS phase, indicating traces of this phase to be

present in the FeAl

| 3 standard.
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The data obtained from surface diffraction analysis of galvanized
specimens a@s given in Tabfes C.4 to C.27, were analysed and rearranged to
show more Transparenfly'fhe effect of the aluminum cénfenf of the bafh and
immersion time on structural changes of the inhibiting alloy layer. The
measured reflections could, in most cases, be positively jdenfified
through corresponding d-spacings given in the ASTM X-ray Data File or
obtained in the present study. A strong preferred orientation,generally
developed during growth of the inhibiting alloy layer, prevented us from
drawing any meaningful conclﬁsions from a comparison of relative intensities
of diffraction lines,

The analysed results of the surface diffraction studies are
presenTéd in Tables XVI to XX in a self-explanatory manner, We shall focus
our attention on overall trends in The development of an inhibiting
layer, emphasizing the points for further debate.

Table XVI demonstrates that even at low aluminum contents in

Bath | (0,11 wt.% Al) the interfacial nuclei of phases Fe,Al. and FeAl

29 3
had developed within 10 sec., With increasing time the intensity of these
phase lines slightly increased. For times of |0 minutes very strong lines
of FeAI3 were recorded along with very strong lines of zinc, On this
sample the stripping process was infentionally stopped before the
dissolving reaction ceased. Thus the traces of a zinc overlay were left
on the inferface. Even if a definite conclusion cannot be drawn from Thié
single instance, the substantially increased intensities of FeAl3
dfffracfion lines suggest that the zinc overlay stripping solution also

}ighfly etches the aluminum alloy layer, This interrupted stripping

was not adopted for other specimens since it would in general introduce



Summary of Analysed Surface Diffraction Data for Samples Produced in Bath

TAELE XV

Compound or

N

Elemant d |/|O 10 sec | min 3 min 10 min 30 min
d d | d d
2.47 53 2.47 700
2.308F 40 2,306 568
Zn 2.091§ 10C 2.090 7700
| 687} 28 |.685 410
Fe 2.026f 100 § 2.025 }73 2.024 3¢ 2.024 {30
B
§
Fo Al 3.86 24 3.8i2 24
25 3,20 §{ 40 § 3.187 i8 3,204 6¢ 3.195 | 32
2.23 1 40 2.198 | 30 2.196 {40
FeAi3 2,16 10t 2,167 i5 ~ 2.155 {00
2.2 § 40 2,129 27 2.135 }i78 2,133 550
3.828] 19 3.799 24
FeAlz 2.742% 12 2.74 21
2.176] 28 2,76 28
Unidentified 6.33 40
| (counts/sec) 3

o
d (A)
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diffraction lines of iron-zinc compounds making the interpretation of the

diffraction patterns obtained less conclusive. It should be also

noted that for the | minute and 10 minute samples lines of FeAl2 phase
were also recorded,

Some uncertainty is attached to the lines with spacing 3.799
Q
(attributed to FeAl,) and 2,196 A (atfributed to FeAl 5
o O
listed spacings (Table XVI) are 3.828 and 2.23 A, respectively,.

} since the

increased aluminum content in Bath 1 (0,15 wt.% Al) produced
an inhibiting layer represenfeﬁ (for 10 sec. immersion time) by a very
thin film at the iron-zinc interface. As indicated in Table XVil, this
layer apparently consists of the phases FeZAlb and FeAI3. With increasing
time of immersion this film was observed To grow slowly, forming irreqular
interfaces with a semi~detached blue grey crystal of FezAiS. Table XVii
shows tnat during this development the inhibiting layer maintains its
sfrgcfure.' The number and intensity of diffraction lines have increased
reaching a maximum at 3 minutes, The results for longer immersion times
suggest that The amount of aluminum-rich phase decreases due 1o their
transformation into iron-zinc rich compounds in general agreement with the
metal lographic observations, All The detected diffraction lines had
d-spacings in excellent agreement with thecse reported in the ASTM X-ray
Data File or obtained in the present study. It should be noted finally
that several lines that could not be assigned fo known compounds have
been recorded as well,

We must recall that the microstructure of samples galvanized in

Bath 111 (0.22 wt.% Al) for 10 seconds was formed mainly as a thin

film with small blue-grey crystals growing irreguiarly from the iron inter-



TABLE XVI1

Summary of Analysed Surface Diffraciion Data for Sampies Produced in Bath |

10 sec | min 3 min 10 min 30 min
Compound or d 1/1 o
Element O
d ! d ] d i d i d

FezAl5 5.86 24 3,809 i3 3.812 14 3.80 55 3.809 il

3,20 40 3.201 30 3,198 2C 3,199 62

1.94 10 }1.945 14

{.90 8 ] .898 10 1,890 {2
Fe 2.0264100 12.024 | 91 2.026 25 2.023 | 13
FeAl3 3,95 40 3,97 3C - 3,972 40 3,97 42

3.68 60 3.689 16 )

2,23 40 2.213 10

2,12 40 2127 2¢ 2,126 70

2.09 § 100

2,08 40 2.074 25

2,06 40 2.064 2C 2.062 30
FeAl2 |
Unidentified 6,389 21 3.175 20 6,334 28

6.245 25 6.393 33 6.206 i8
5,768 21
I (counts/sec)
ke

d(A)

86
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face. The results of the surface diffraction analysis (see Table XVII1)
indicate again that the inhibiting alloy layer at this stage consists of
phases FeZAI5 and FQAIB. With incrgasing immersion times, the blue-grey
crystals were more frequent, finally forming identifiable outbursts,
Correspondingly the number and intensity of diffraction lines of both phases
have increased, their maxima being reached at 3 minutes (i.e., at the stage
when the blue-grey phase crystals begin to form oufburs+§ and the 6| phase
starts to nucleate, as shown in Figure 23),

- Samples produced with immersion times over 3 minutes clearly
suggest a diminishing amount of both phases, apparently as a result of

their transformation to the ¢ phase; For the 30 minute samplies, one

|
line of FeAl, phase was recorded. We also note that three unidentified

linme ware deterted.

In Table XVIII assignment of the lines with d-spacings 3.327
and 2.068 X to the FeA!3 phase might be considered as objectionable,
Indeed, both these diffraction lines could very well belong to the
FeAl2 phase, since this phase exhibits a relatively weak reflection with a
spacing d = 3,321 z and a sTronQer one having d = 2,066 X,' However, the
latter line has occurred prominently in most samples, thus suggesting that

O

it belongs to the FeAl, compound. The d=3,321 A line does not lend

3
itself to a similar explicit conclusion since it was recorded in the one
instance only.

The galvanized samples prebared in Bath IV (0,32 wt.% Al)
exhibited very similar microstiuctural features. to those produced in the
Bath 111, However, small differences in diffraction patterns for these

‘samples are to be noted,

Referring to Table XIX we note first that only the lines of



TABLE XVil!

Summary of Analysed Surface Diffracion Data for Samples Produced in Bath 111

10 sec | min 3 min 10 min 30 min
Compound or d l/lO : o
Element g | g | d | d | d

Fe, Al 5 490 |11 4,92 s 4.927 | 14

5.86 | 24 |3.801 §19 3.806 2 3.814 {135 3.809 | 10 3.812 30

3.20 | 40 |3.20 |27 3.20 52 3.207 {122 3.20 42

2.11 oo 2.116 12 2.116 {138 2.109 | 97

2.05 §100 2.059 | a4

1.94 | 10 1,942 | 55 |.94 25
Fo | 2.026}100 |2.027 { 90 2.026 14 2.027 | 30 | 2.022 30
Fehl 3.54 { 60

3,331 20 {3.327 | i3

2.12 | 40 2.13 45 2.13 202 2.126 | 45

2.09 {100

2.08 1 40 2.075 | 95

2.06 | 40 {2.068 | 24 2.066 22 2.065 | 188

1.93 | 40 1.928 | 28 1,926 21
FeAls ' 3.568] 61 3.567 12
Unident] fied 5.277 1o 6.193 | 10 6.197 33
| (counts/sec)

(o]

d(A)

001



Summary of Analysed Surface Diffraction Data for Samples Preduced in Bath 1V

TA3LE XIX

10 sec I min 3 min 10 min 30 min
Compound or d i/1 -
Eiement 2 d d d d

FezAis 4,90 o 4,902 ]
3.86 24 3.806 17 5.817 82 3.801 78
S <20 40 3,207 22 3,202 1170 3.201 84
2,11 1100 2,115 1375 2.113 230
2.05 1100 2.059 22
1.94 i0 1,942 E 112 I.,942 70
1.90 8 1 .902 2) |.908 23

Fe 2.026§ 100 2,023 66 2.026 3) 2,026 29 2,026 10

FeAl3 3.95 40 3,937 §{ 20
2.356 i0 2,366 I8 2,36 23
22D 40 2,205 20 2,198 15
22 40 2,129 i3 2.1271210 2,126 140
2,09 1100 2.093 15 .09] 35 2,092 24
2,08 40 2.072 80
2,06 40 2.067 25 2,066 ¢ 194 2,065 {05
2.02 £ 100 2,020 22
i.98 20 1.983 i3

FeAl2 2.7428 12 2,738 13

Unidentified 2.567 | 21 6.298 | 21

6.241 27
I (ccunts/sec)

e}
d (A)
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the FeAl, and FeAiz phases were detected for the 10 second sample. The

3
lines of the FezAl compound are missing, However, considering that

very tow intensities of diffraction lines have been recorded for the short-
est immersion times in all cases, the expected faint lines of the Fezl\l5

phase might very well have been lost due 1o a small eccentricity error,

A more serious discrepancy is associated with the 30 minute
sample. Despite the fact that the microstructure of this sample was formed
of a mixture of iron-zinc and aluminum-rich compounds, no lines of the
aluminum-rich phases were recorded. Tﬁis might be attributed to two
factors., The metallographical ly~viewed section may not have been repre-
sentative of the average surface which was viewed by the X-rays, and again the
eccenirtciiy error miaht 'nv‘c:vc—-: ied fo a ioss of weak difiiaction tings,

The remaining samples displayed a similar tendency in structural
changes of the growing inhibiting alloy layer, With prolonged immersion
times, the inhibiting layer, consisting of increasing amounts of blue-
grey phase, was identified again as being composed of FeZAI5 and FeAl3
phases, The inhibiting effect was sustained up t