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ABSTRACT 

This thesis i s concerned with determination of the nature and 

growth characteristi cs of the intermediate phases formed on iron gal vani ze d 

i n Al-bear ing Zn at 450°C, Long time equi I ibrium exper iments have been 

carried out to explain the nature of intermeta ll ic phases and the i r equi I ibri a 

in the sys tem Fe-Zn-AI at 450°C using electron probe microa na lys i s and 

meta l !agraph ic techniques. 

The gro1vth characteristics of interme di ate phases formed on i ron 

galvanized in At-bear ing Zn at 450°C have been investigated by metallogra phy 

layer i s composed of Zn-bear ing Fe2A! 5 and FeAI~3 Wh i le the FeAI 2 phase 

was erratical ly detected, we did not detect the presence of FeAi . X-ray 

diff raction data for Fe AI
2

, _ so far missing from the ASTM X-Ray Data File , 

have been recorded. A correlation of ou r resu l ts and t hat of other worke rs 

with our newly investigated and proposed t e rnary isotherm at 450°C us in g an 

analysis via diffusion paths on the isotherm has produced a convincing 

rationalization of the inhibiti ng effect and the catas trophic in terface 

instabi I ities which develop preferenti a lly in stagnant baths after long 

times and with the hi gher bath Fe conten t s , 
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CHAPTER I 

INTRODUCTiON 

It has been known f or many year s that aluminum of 0.1 - 0.3 wt.% 

in ga lvanizing baths inhibits the iron-zinc alloy layer growth. However , 

such additions vte re not used in early years since the aluminum reacted 

with t he flux bl anket on the bath causing hard particle inclusions in 

the coat i ng. The use of al um inum additions was forced upon technology 

by t he need for~ duc t1 ! e , non- -flaking coc-ti ngs wh i ch are res i stai t to sub­

sequent deformati on associ at ed t'l i t h fabr icat ion. In this new t echnol ogy 

the growth of undes irable bri t i'l e iron-zinc lay.:. rs at the steel-zinc 

inte r-face i s mi n imized through udditions of 0.1 to 0.3 \>Jt.% aluminum 

to the zinc bath and the previous ly associated inclusi ons are eliminated 

by modifications to ·the bai"h f I ux . 

It has een qua litatively established that this inhibi t ing action 

is due to formati on of aluminum-rich alloy layers. The purpose of this 

study \'las to more precise I y estab I ish the nature and gro\vth character is­

ties of th i s alloy layer as a funct ion of time, aluminum content and iron 

content of the zinc bath. We suppose that this type of information 

1<1i II pr·ovi de a useful insight into the practical problems of control I ing 

and mi nimiz ing the growth of the brittle iron-zinc l ayers at the iron­

z inc i n-rerface . 

The prob l em has been approached f rom two di rections. Firstly, 

we have under "t nken t o obtain quanti t ative constitui'ional data for the 



2 

zinc-iron-a I urn i num system at 450°C, th is terr.perat·ure being character i stic 

tor the galvanizing process. This part of the study was based on equil i­

bration experi ments and olectron probe· microana lysis . In the second 

par t of the prog ram the character and growth of intermetal I ic phases on 

galvanized spec imens has been e lucidated using a surface X-ray diffract ion 

method, metal logra phic observation and electron probe microanalysis. 



CHAPTm II 

REVIEW OF PREVIOUS WORK 

This chapter summarizes previous work on the phase diagrams for 

the bi nuries and ternar i es of the Fe-Zn - AI system and on the formation of 

i ntermota II ! c phases at the iron-zinc i ntertace i n pure or a I um inurn-

ai toyed zinc baths. 

The n ~ture of the equ i I i bria in the iron-zinc system can be 

reg arded as well established, I n contrast t o the phase diagram reported 

( I ) (2--5 ) 
by Hansen and Ancferko ( Figure f) recent resear·ch reveals that the 

temperature of the garrtna ( y)/alpha ( o.) transformation i n the i ron phase i s 

first s I i ght I y I owe red and then raised wi t h i ncreasing zinc cont-ent, 

The iron-y fie I d is according I y a. I rrost enc I osed by the l1- iron phase 

( Figu r e 2). 

I ron and z1nc form four in·rermetal l i c compounds wi th vary ing 

homogeneii·y ranges. The r phase ( Fe
3

zn
10

> has a cubic crys t a l structure 

with zinc contents extending between 72 and 79 wt . %. The 6
1 

phase < FeZn
10

. ) ~ 11ith a hexagonal str·ucture, has a compos iti on l yi ng 

be i ·v1een 88.5 a nd 93.0 wt.% Zn. The o
1 

phase undergoes a transformation 

.c J:. 1 ' ~.. t 620°- ori11 0°C, . u
1 
~ v 1n ·na 1empera ure r ange The o phase p:·o iJa b I y has 
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-t-he hexagonal structure as we II ( 1). 

The t; phase is monoc linic with the narrow homogene i t y range of 
. 

93. 8 - 94.0 vt.% Zn. The th r~e i ron- rich compou nds <r, 6 and o1> fo rm 

read i ly on coo l ing the approp ri ate a lloys , wh il e the formation of low 

temperatur-e E, phase is usually suppressed. This is the reason why the 

phase boundar ies for t he t; phase we re only estab li s hed after di scovery of 

th is phase in met a ll ographic st udies of ga lvan i zed coat ings (l 5 ). The 

s lu gg ish transform~ti on rat e is a l so as soci ated with t he f act that in 

the t emperature range 530° - 500°C the transfo r mation does not or ig i nate 

at the surface of the o
1 

c rystals as would be expected in a per itectic 

reaction . Horstma nn (6 ) has obse rved t; phase crystal I i z ing d i rectly 

trom iron-rich me lt s as c
1 

phase slowl y di sso lves . 0 He noted t hat about 30 

uncerc-:>ol ing was required to ini ·i· iate a r -;acti on 1·1h ich produced ioca l ized 

f; phase i n contact 1vith t he o
1

, and even hi gher und e rcoo l ings to produce 

an ~ phase wh ich entirel y enc losed t he c
1 

phase . 

The iron-aluminum phase d iagram, as reported by Hanson(!), is 

reproduced in Fi g(Jre 3 . Earlier unce rta inti es with r espect to the 

di sorder+ orde r transfor mation have been resolved by ~'larl irnont( 6 ). 

As shovm in Fi gure 4 the peritectic reaction, 

melt + tt ->- cx
2 

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



between a and a2 (FeAI) terminates , according to Warl imont, 

at 540°C by the eutectold reaction 

5 

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

550°C and 15.2 wt.% AI. The Fe3AI structure is of the BiF3 type and the 

FeAI structure i s isotypic with the CsCI structure. 

The most important characteristic of thi s system in the hi gh-A I 

reg ion (34- 100 wt.% AI) is the ex istence of th ree intermetal I ic phases. 

The phase FeAI 2 (t;) was shown to be forrred by the peritectoid reaction 

. ~ + Fe_A I_ (n) + FeA I- ( £ ) 
/.. :J L 

at I 158°C which is only about 7°C below the ~ + n eutect ic. The structure 

(8) of the~ phase was suggested by Osava to be rhombohedral but Bradley 

and Taylor( 9) claim that the structure is more c~p l icated. The phase 

Fe 2AJ 5Cn) is stable within the range 53 to 56 wt.% AI hav ing the orthor­

hombic struci·ure. 

There remains some uncertainty about the highe r aluminum concen-

t rat ion I imit of the FeA1 3 phase fie ld . Nonetheless, the formula FeAI 3 

is reta ined in our discussion for conciseness. The structure of this phase 

\~as found to be rronocl inic . 
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2 . 3 The Alumi num - Zinc Bina ry Sys t em 

The d iagram of th i s system is presented in Figure 5. Recent 

investigations( 1 
) established the peritectic react ion 

L + (A I ) -+ B 
+ 

The B i s cub ic . The nea r cont i nu ity of the paramei·ers of B wit h (A I) is 

indicat ive of some sort of ordered structure based on (AI ). Si nce (AI ) 

a nd Bare very near ly .a l ike crysta l lographica ! ly , they ca nnot be 

dl st i ng~lshed metal logra phica l ly. 

oc Shor -t range-or der i n 12 - 50 at. % Zn a l Joys f rom 340 to 380 

r1a s observed. 1ne so l ia :- sraH~ tmm tsctotltTy gap w1 ·n oounaary snown 

exhi bits a ma x imum at 351 . 5°C and 39.5 at.% Zn. 

,., J. ,_ . . The Iron-Zinc- Aluminum Te rnary System 

A knovJ !edge of t hi s ternary system (or a·t t he very least t he 

450°C i sothe rm) was cons ide r·ed to be essent ia l to the underst a nd ing of 

an a I urr. in urn affect on a formation of Zn-Fe a i I oy I ayers in ga I va n i zed 

coat i ngs . When thls work was begun only l imited data of this kind 

was a va i tab le . 

The phase equi I i br i a i n t he Zn-r ich corner of the Zn-Fe- AI 

s ys t em cont aining up ·to 20 \vt . % Fe and AI \'ia s investiga t ed by Rennhack (IO) 

His part ia l i sotherm est ab li shed a t 450°C by meta l log ra phic observat ion 

and X- ray dlff rac i ion i s shown in Figure 6 Si mila r pa r t ia l i sotherms 
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wore established at 600°C and at room t~nperature. The results of this 

· important work may be summarized as follows: 

(a) A four-phase invar iant reaction: 

0 was found to occur at about 592 C. 

(b) The solubility of aluminum in FeZn
13 

was found t6 be about 0 .2 pet 

at 450°C. Unlike Fezn7, this phase does not equ i I ibrate with the FeAI 

compound phases. 

(c) No ternary intermediate phases \>ler-e found to occur within the 

tempe rature and composition ranges ex plored. That Is to say, no 

X-ray I i nes were observed \'th i ch did not co rres pond to binary com-

pounds li sted in the ASTM X-ray Powder Data Fi le. 

Camer·on and Ormay (29 ) constructed a tentative 450°C i sotherm 

of the Fe-Zn-AI system (see Figures 7 and 8). In their proposit ion 

a ll binary intermed iate phases were assumed to bear only a fe\'1 percent 

of a third el eme nt . The Zn-rich corner of the isotherm was based on 

metal lograph lc observations of galvanized coatings, and a solubi I ity of 

Fe in Zn was proposed to decrease with increasing aluminum content . A 

(24) region of Cl l<:: rnary lntermetall ic compound was based on Hughes ' 

r esu lts . 
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'• Gor ( 62) h' h d The recent di agram of Kos-ter and odecke , vi 1 c correspon s 

most closely to our own observa t ions, is discussed in detai I in Chapter 6. 

2. 5 Ga I van i z ing Reactions Betwe~n I ro':_ and-~ inc 

During the reaction between iron and solid or molten zinc, 

compact al loy layers are formed in accordance with the phase order specified 

by the cqu i I ib r ium diagram up to temperatures of about 490°C . 

The laye r s include a thin I' layer adjoining the iron, followed 

by a thicker la yer of t he o1 and C phases. Although t he phase di agram 

0 predicts this sequence of the a! loy layers for temperatu res up to 530 C 

no C phase has been obse rved in ga I van i zed coatings at tempe r-atu res above 

500uC. The alloy layer consists of a thin rand a thic ker o1 la yer, 

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

In the temperature range bet.,,een 620° and 640°C on I y two phases, 

rand o1, have thus far been identified desp ite the fact that laye rs of 

r, o1 and 6 are pred icted by the phase di agram . This sequence of two 

phases rema in s unchanged up t o 672°C. 

0 

0 As expected , between 672 C and 

782 C, t he only layer is r . 

No i ron-z·i nc a II oy or i ntermeta IIi c compound exists at temp­

eratures above 782°C. At such high temperatures the iron is directly 

dissolved unti I the iron-r ich melt becomes saturated. 
( 16) 

It is reported 

that alpha-Iron crystals are then precipitated in the me lt . The latter, 

upon cooling, r eact wit h the melt and are converted into iron-zinc com-

pound s. As the iron dissolves in the zinc, the latter a lso ~enetrates 

into the iron through diffusion, resu lti ng in a diffusion layer of zinc-
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rich alpha-so lid so lution. Cameron (I 1) found that even at temperatures 

below 782°C a layer of Zn-rich alpha solution is for-med beneath t he . 
iron-zlnc layers of the coating. This fin ding \'laS later conf irmed by 

Ca loni et a l(l 2, 13 ) and by Hors1mann et at ' 14 >. 

Wh ile he nature o · he phases fo rmed in the_ galvanized coatings 

i s we i 1-establ l shed, there are many diff erent interpretations of t he forma-

tion sequence and the growth control mechanism fo r lntermetal lie phases. 

C ' · t · t · ( I 5 ) th f I I I f t . t ~ameron s 1nves 1ga 1on on e sequence o a oy ayer ·erma 1on a 

350°C shows that the t layer forms first. The 61 layer and the r layer 

only form in that or~der underneath the~ layer some time atter . the latter 

has atta ined substa nt ia l thickness. Most observations Indicate that this 

of zi nc . After a very short imme rsion time i n the me lt the a ll oy layer 

on en iron speci men consists a lmost entire ly of sma l I F, crystals. With 

longer pe 1~iods , a 61 layer is formed wh ic h grows ra pidly once it appears, 

and the r layer to ! lows la ter. 

• ( 16) It has been established experimentally that the 

kineti cs of the attac k on i ron by zinc obeys two different time laws. 

Up to appr·ox imately 490°C and aga in between 520° and 740°C, the overall 

r ate of growth of the alloy layers as determined by i ron we ight loss, 

follows a parabo lic law, whe reas the relat ions hip is I inear for the 

intermed iate tempe rature range (490- 520°C). However , opinions differ 

wlde iy as regards the rate-l aw for individ ua l alloy layers. Rate laws 

may be expressed genera lly by 
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where d i s the layer t hi ckness, t t he immersi on t ime, c the rate constant , 

and m the growth rate exponent . Within the temperature range of overal I 

parabo I i c attack the growth rate exponent has been found to vary betHeen 

0.13 to 0.5 for the r layer, between 0.5 to 0.64 for the 61 layer, and 

betweeri 0.1 5 to 0.5 for the~ layer . 

During the reacti on between iron and zinc the boundaries 

between the various phases mig rate according to the laws of diffusion 

and mass conservation. The phase boundaries between the alpha-solid 

solution and t he r layer and between the rand 6
1 

layer s shift to-

d t h · I ""' h th h I d l toi·Ja r-ds th '" z J' nc(l 6 ) v1ar s .. e 1 ron w 1eJ-eas ,, e o er p ase ) OUn ar es move .:: _ 

Thi s impli es t hat t he r laye r is continuously formed at the iron 

bounda·ry a nd dissoci at ed in contact wi t h t he o
1 

layer. Sl rr ilar- ly, the r. 
• , I I . L I. J I - . . L . - 1~ • - . J • - ~ - - ~ - .;._ - • .J 

iJ i iO!:> t l Uill1~ t-U III iiiU\..UJ ; y Wltt: I V II \.,U~IfU._ I ~ lfi\j; L.i l l\..o l.JU • J':J ut:..;~V\....o i VIV'Iwl' 

into 6
1 

where it border s this growing phase. 

2.6 The Effect of Aluminum Additions to the Zinc Bath on the Grmrrh of 
Alloy Layers on Iron 

In the previous chapter, it was understood that the reaction 

was taking pl ace between Iron and zinc with neg I igible amounts of impuri-

ties. The problem of layer grm1th becomes much mor·e complicated if alloying 

e I ements are added either to ·t·he iron or to the zI nc bath. From 

references (1 7-21) we conclude that the silicon (Si) and carbon (C) 

contents of the steel intens ify substantially tbe parabolic zinc attack 

a nd at i·he same ti me greatly reduce the lower I irnit of the temperature 

ranqa in which li nea r at t ac k occurs. Likewise , higher phosphorus (p ) 
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should be avoided in galvanizing grades of steel although the P contents 

of up to 0.08 wt.% usu~l ly present in commercial steels are only of minor 

consequence. Manganese (Mn) impurities in the quantities usually present 

in comrnc;rcia! stee ls , are of no si gni f icance . 

The at e of zinc a tack in the parabolic range can be beneficially 

altered by selective al Joying of zinc baths of conventional composition. 

The most consistently effective additions i n this respect are found to be 

0. f - 0.5 \'lt.% of vanadium, chromium, nickel, manganese, si I icon and / ol-

a 1 urn i num. This present contributi on is concerned eni· ire I y with the I atter 

very effect ive addition. 

As pointed out ear li er the growth of t he br itt le iron-z inc 

a ! !oy !a;er ~t t he stc;e!-z1~c !~te rfece cer ho of for+ i \l c. l" rr~n;·· rr'l f I •"lrl hv - - .. ~· · --· · ·- ·· , -·- ·· · · · ·· · -· ( 

adding about 0.10 to 0.30% alumin~m to the zinc bath. Current efforts 

to determine the mechanism by which aluminum inh i bits 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 

Babl ik( 22 , 23 ) has exam ined a \vide range of temperatures and aluminum 

contents, ma inly under conditions of iron saturation. 

In galvanizing tests, dipping for a minute is regarded as a 

short time. A static specimen is usual. Bablik noted that aluminum 

delayed the onset of the fast reaction between I iquid zinc and sol fd iron 

for short immersion times but that once the reaction started, the iron · 

attack was greater than that in a bath without aluminum. A thin layer of 

FeA I3 was considered to be responsible for inhibiting the iron-zinc 

a ! I oy gr~mvth. 
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Hug hes <24 , 25 ) summarized t he l i t e r ature on Al - contro l le d i nh i bit ior 

pr ior t o 1950 . In his own experi menta l wor k, four types of materials 

were ga Ivan i zed: armco iron, commerc ia I I ow-carbon co I d reduced stee I 

sheet of r irmni ng qua l ity s tee l cont aining 0.10 wt. % carbon, ki lied s t ee l 

bu t contain i ng only t races of sl I icon and stee l conta ining 0.22 wt . % 

ca rbon and 0.1 0 wt.% sili co n. Times of immersion ra nged from 5 to 60 

s econds . The t emperatures used vari ed from 430°C to 490°C a nd a l um i num 

a dd i t ions f rom 0 . 05 t o 3 wt.% . The bat h was prepa red f rom pu r e z inc. 

For t he bath conta ining 1.5 wt . % AI a ter nary a l loy formed 

at the iron- z inc interface wa s ide nti f ied by chemical ana lys i s . X-ray 

exam i nat ion of th I s I aye r revea I ed that i t gene r~ated powder I i ne s of FeA I 3' 

The fo ! lowing conclusions were drawn: 

(a) The terna ry iron-zinc-a luminum layer at the s t ee l inte rf ace Inhi bi ts 

t he growt h of i ron-z i nc alloy luyers. 

(b) A secondary al loy i ng proces s \'lhi c h occur·s und er the " t ernary" all oy 

causes -1-he lat t er to break a•11ay and form loose crysta l s i n t he 

coating. The occurrence of thi s secondary a l Joy ing i s errat ic a nd 

more info nna t ion is needed a bout i t . 

Cc) The presence of s i i icon in stee l e nhances the stab ili z ing e f f ect of 

a l uminum . 

(d) The a lum i num leve l neces sary to l imit the i ron-z inc a ll oy laye r grm'lt h 

i s i nc r eased i n rou9h proport ion i·o bat h t empera -ture a nd imme r sion 

t ime . 
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( 26 ) Haughton drew attention to the role of dissolved i ron in 

conjunction with the alumi~um in the bath. His steels contained only 

trace amounts of tramp ~lements. The aluminum contents of the baths were 

0, 0.05, 0.10 and 0.20 wt.% aluminum. For each of these four aluminum 

con·tents the iron in the bath v1as varied progressively from zero up to 

saturation (about 0.03% at 450°C>. The t emperature of the zinc bath \'las 

maintained at 450°C throughout. Dipping times of I minute and 5 minutes 

were used. To d i scr iminate between the effect of local iron enri chment 

and the general iron content of the bath two paral lei sets ot experiments 

were carried out - one with samples suspended in the bath without movement 

and the other ~t i th samples agitated with the obj ect of dispersing local 

iron e:tr i chrnent . The -v1e i ght I oss of the i rcn substrate of the specimens 

was dei·ermined , along with met al !agraphic observaTions . x-ray 

exam i n"'lt ion of samp I es scraped fr·om specimens stripped of their zinc 

reveal ed the presence of the phase Fe2AI 5 provided the aluminum level was 

above 0.1 \·Jt.% 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 

iran has no observable effect upon the metal lograp hlc structure of 

the coat ing or upon the rate of attack on the s-tee l in the bath. 

(b) The addition of 0.05 wt.% of aluminum to z inc contain ing various 

amounts of iron has very little effect upon the metallographic 

structure of the coati ng or upon the rate of attack on s teel in the 

bath. 
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(c) The add i tion of 0. I wt . % of aluminum t o the zinc profoundly modifies 

the structure of the coating arid the rate 6f attack, With baths low 

In iron the norma i alloy layers are absent except for occas ional 

layer growths. Instead, a very thin layer , probably Fe2At5 , i s 

formed on the stee I surface which I arge I y b I anks off the attack on 

the steel. As the iron content of the bath rises, however , there is 

an increasing tendency towards loca l attack with growth of heavy, 

rather loose, al loy layers . Thus, f or a bath saturated with iron and 

containing > 0.1 wt.% Al, we ight loss is even higher than when aluminum 

is not present in the ba t h. 

(d) The addition of 0.2 wt.% of aluminum to tt~ bath gives simi ia r 

results , but the protecti ve f il m formed is hicker and the format. ion 

of local areas of heavy attack is less frequent. Consequently , the 

weight of stee l lost i s lov1er , and even with a bath saturated i n i ron , 

the attac k is largely blanked off. 

(e) The who le 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 compl ete ly reverse t he direct ion of the inhibiting 

effect of a l uminum additions to the bath. 

Horstma nn( 27 ) established th e minimum aluminum content necessa r y 

for inhi bit ion as a function of t ~1perature . Material used was armco iron 

and a stee l with very IO\'J amount of all el6ments other tha n carbon . The 

z inc bath contained 0. 10, 0. 20, 0. 30 and 0.50 wt . % of aluminum, being 
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always freshly prepared, apparently with no purposely added iron. The 

temperatures of the z inc baths ranged from 440°C to 500°C and ti mes of 

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

examined as we l I. The weight loss ana lysis along with meta! lographic and 

surface X-ray examinations allowed Horstma nn to draw the fol l o ~ ing 

conclusions: 

(a ) Fo r higher amounts of aluminum (tv 0.5 \'lt.%) a distinctive gray layer 

f l rm I y adheri ng to the iron at the iron-z i nc interface \'t'a s observed i t 

the exam ination occurred during the period of the inhibi t ion. Belov1 

th i s layer scattered crystals of a lighter colour were noticed . 

The X-ray ana lysis of this ~ample (see Tab le I) revea led the presence 

of Fe2Al 5, which was considered to be the continuous gray layer. 

The unidentif ied I ines (see last column of Tabl e I) were ascr i bed t o an 

un known ternary Fe-Zn-AI compound and identifi ed with i igh t gray 

crystals underlying the continuous layer of the Fe2A1 5 . 

(b) For the speci rne n prepared at the same aluminu m content bu t exam ined 

after the inhibiting effect had ceased the X-ray analysis (see Table 11) 

revealed the presence of Fe2AI 5 and FeAI. The unidentifi ed I ines 

(see last column of Table I I) diffe re d from those in the previ ous case 

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

{c) It was proposed t hat access of the z inc bath to the iron i s prevented 

by a protecti ve layer of Fe2At 5 wh ich ini t ial ly forms on the i ron 
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TABLE I 

The Resu lts o f X- Ray Ana lys is of Str i pped Specimen Prepa red in Zi nc 
with 0 ,5 wt .% AI,, at 440°C, 75 mi n, afte r Horstma nn<27> 

-
Ge f un dene Li ien cles 

1 
Ausdeutung I Lin i en de s Ungedeu tete 

Li n ien Fe Lin ien de s Zn A 15Fe2 Li n i en 

d i n A lnten- d in lndi - In- d in lnd i - In- d in A lnten- d in A lnten -
sitat A ces t en- A ces ten:.. sitat . s itat 

si tat si t at 

F--

7. 12 I 7. 12 I 
4.91 0,5 4,90 I ! 
3 , 81 4 3,86 24 
3 ,53 I 3 ,53 I 
3. 20 8 3. 20 
2.75 7 q 2.75 7 
12. 47 2 I 2 , 46 (002 ) 25 
;2 , 45 ! . ') 2 , 45 l • 5 
r . . t t I • I I I r I t ') lll u .5 
!"- ' '+ I l • ..) 

I 

~ . 39 0, 5 2. 39 10 

' 
~ .33 6 2 ,30 ( I 00) 20 2 . 33 6 
~ .31 2.5 
~ .28 I • 5 2.28 I . 5 
7.24 I 2.24 I 
1 , 23 2 2. 23 2 
? • II 30 2 . II 100 2 .I I 20 
2.09 9 2. 08 ( I 0 I ) 100 
I ,06 10 

2. 03 I (I I 0) 
2,05 110 

7.03 4 100 
I . 94 13 I • 94 10 I • 94 10 
I. 90 I I ,90 8 

. . 

I 

I 
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TABLE II 

The Results of X-ray Analys is of a Stripped Specimen Prepared in a Zinc Bath with 
0.5 wt.% A I ; at 480°C, 15 min, afte r Horstmann <27) 

i~detundene --
Lin i en des Ausdeutu ng Linien des Ungedeutete 

I 

Lin len Zn Lin i en des FeAI Li n ien 
A 15Fe2 

(1 in A I nten- d in f1ndi- In- d in lnten- d in lndi - lnten d in 

I 
In·· - s itat A ces ten- A sitat A ces sitat A ten-

sitat sif~ 

3. 79 5 3.79 5 

I 31 .• 21 3.5 

I 
3,20 40 

2.9 1 5.5 2.89 rOO) 12 
2 .58 0,5 2.58 

f 
0.5 

2 ~ .. 36 I • 5 2 .39 10 5 S ..-, 7 t:: I I C 
I~ • _,/ .,; I o-' "- •_.J-' .. ~ 

l L , 29 0 ,5 2 ,30 ( I 00 ) 20 2 .29 
2'.26 2 . 5 2.26 2.5 
2.18 2 2 . 18 2 
2,166 2 2.166 2 

I r: 

2.148 I • 5 2.148 I .5 
2.122 8 2.1 22 8 
2 .I I 0 5 2 . II I 00 
2 , 075 8 2.08 ( I 0 I ) 100 2 .075 
2, 055 36 2. 05 100 2,04 ( I I 0) 100 
I . 938 I • 5 I • 94 10 
I ;895 2 ,5 I • 90 8 
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surface. This Fe2AI 5 layer later reacts with t he bath and transforms 

into other Fe-A I and Fe- Zn-AI compounds, a si tuat ion leadi ng to 

increased iron atfack and at loy layer growth. 

In a later study( 2S) Hors tma nn expanded on this explanation, listing type 

of steel, surface cond it ion, and strip temperature in enter·ing a continuous 

galvanizing bath as factors affecting the growth of the inhibi ting layer. 

Cameron and Ormay( 29 ) , again using steel low in alI at Joying 

eleme nts, covered the temperature range 440- 450°C for aluminum contents 

between 0 and 10 wt .% for ti mes from five second s to two hours, with and 

without agitation. The zinc bath used was character i zed by the authors as 

iron dross-saturated . 

111e p r ootern o r ttle cliU: fl ll twn dT rec.;t wa::. 101 lite 1 '' ::. 1 1 1111e 

considered in terms of the ternary Fe-Zn- AI equilibrium diag ram, a tentative 

section of wh ich was constructed (see Figures 7 and 8). The phases Fe2AI 5 

and an aluminum-bearing o1 (FeZn7 > were identif ied by X-ray diffraction. 

ln . this connection it was noted that the aluminum-bear ing 8 1 had 

X-ray lines similar to those of the ternary compound ostensibly identified 

by Horstmann at 480°C. 

Finally, they claim to have identified aluminum-bearing s and 

o1 phases as wei I as the previously uni dent ifi ed ternary compound' 26 ) 

usi ng electron probe microana lysis. On the basis of this work , 

Horstmann's proposal for protective layer evolut ion was amp I ifi ed . 

Mosi recent ly, Borz i I to and Hahn (30} examined the . 

grovtth of the inhibiting aluminum-rich alloy layer on coatings develored 

In a pure z!nc bath containi ng 0. 20 to 0.30 wt.% of a l um inum with varying 

i ron levels. The spec imens were cold-rol !ed annealed stee l sheet with very 



19 

low contents of tramp elements. Immersion temperatures for- each bath 

composi t ion were 430°C, 450°C and 470°C. Immersion times ranged from 

20 to 320 seconds. The growth rate of the aluminum-rich alloy layer was 

determined gra •! metrical ly. The inhibi ting layer was further examined with 

opti ca l an d electron mic roscopes and was also analyzed wiTh the electron 

microprobe and by surface X-ray diffraction. The i r conc lusions can be 

summa rized as follows : 

(a) The inhibit ing a luminum-r ich a ll oy layer was found to grow parabol leal ly 

as a function of bath temperature, immers ion ti me and the a lumi num : 

i ron ratio of the bat h. Grov1th rates \-:e re posi tive ly mono-tonic wi th 

the AI /Fe ratio of the bath. 

(b) A detailed picture of the growth and phase cha nges in the a l um i num-

rich a l loy layer was proposed. Dur ing a brief initial per iod of 

immersion (up to 20 sec ), characteri zed by a stra ight-! ine inter-

face, a sta ble low-d iffusivity layer of Fe2AI5 forming on the surface 

of the si ee l inhibits the i ron-z inc alloy layer growth. With 

longer t imes the zinc bath reacts with the Fe2Air layer and isolated 
' :> 

blu e-gray nod ules, character istic of a supposed ternary pha se , beg in 

to appear in t hi s layer. As the nodu les grow , the thin protect ive 

laye r of Fe2AI 5 is be ing consumed . Although the cause of i nitial 

nuc leation of the ternary phase is not made clear , t he growth of this 

phase is supposed to be fa voured by high iron contents wi th in the 

bath . With even longer immersion tl mes, t he nodules of t he supposed 

t ernary phase continue t o grow and coalesce . At t his stage t he Fe2AI5 
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layer is comp letely consumed or penetrated, a consequence which direct ly 

exposes the steel base to the zinc bath 1 resulting in the loca l ized 

and accelerated growth of iron-zinc phases. 



CHAPTER Ill 

. THEORY 

The problems of the inhibiting act ion of aluminum r equ i re s a 

discussi on of the mass transfer from the soli d to I iqui d meta l as we i I as 

the diffusive growt h of intermediate phases. The concept of a di ffusion 

path on a t ernary isotherm wi II be found usefu l in the discuss ion of 

instab ili t ies observed wh ich lead to the breakdown of inhibition. ft 

should be recognized from the start that ga·fvanizing is essentially an 

3.1 The Mot ion of Planar Phase Interfaces in Mu lti component Multi phase 
Systems 

In the absence of su rface r·eaction control, rl hich is un li kely 

in metal-meta l interactions, we can regard gal va ni zing as a mult iphase 

counter-d iffusion process. The problem of linear interditfusion of two 

different mu!ticomponent phases in the fo rm of dif f usion coupl es , 

with or without the appea rance of intermediate phases in t he diff us ion 

zone, has been ana lyzed by Kirkaldy ' 31 >. 

The genera l system of one-di mens ional di f fusion equat ions for 

multicomponent d i ffu si on in a su bstitutiona l solution are : 

J . -~ -
I 

n-1 
E 

k= I 

ack 
D -­

i k " rJX 

2 l 

( 3. I ) 



and 

ac. 
I 

at 

n- 1 
E 

k=.l 

a 

ax 

These tave the pa ramet ri c solut ions : 

ac 
k 

[Dik- J 
ax 
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(3.2) 

(3. 3) 

provided the initi a l and bounda ry condit ions can be expressed in terms of 

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

c. (+ <» ) 
I = ci 1 ( 3 . 4 ) 

and 

c. (- co) = c.N 
! I I 

(3.5) 

These parametric soluti ons we re shown to exist in I inear mu lt iphase systems 

provi ded that loca l equi I ibrium is approached at al l interfaces , irrespect ive 

of the number of phases whic h appear in the di ffusion zone of the coup le. 

Any diffusion meas urement that confinns equa tion (3.3) demGnstrates uni que ly 

tha t very c l os~ to interfac ial equilibrium or metastHble equ ilibr ium is 

rna i nta i ned thr-oughou-t the d i Hus l on peri od. 

The on ly precond i t ions to be imposed on the terminal a l toys 

In this description are t hat they be homogeneous solid solutions , that 

di ffusi on be structure-independent, and that the const itution a l lows 

diffusion to proceed from them lvi thout any compos itions appea ring in the 
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zone which Imply a tal lure of the planar interface assumption (e.g., two-

phase mixtures). 

Now if the penetration curve for an n-component a ! ! oy i nvo I vi ng 

a tota l of N phases is considered, then each cont inuous region of the 

penetration curve can be descr ibed by the solution of the or dinary equations: 

A 

2 

dC. 
I 

dA 

n-1 
= l: 

k=l 

d 

dA 

which fits the approp r ia·te phase boundary cotnpos itions. In general, 

(3.6) 

the Dik are funct ions of a lI the concentrations, but in order t o ob ain 

an ana lytic solution they are assumed to be an appropri ate average va lue 

The co-ordinates of the interface, ~ ~ are determined simul-

taneously with the Interface concentrations by appl !cation of interface 

con tinuity relations of t he form: 

< C i 21 -· C i I 2) ~ 21 I 2 rt• = J i I 2 - J i 21 (3.7) 

and the equi I ibr·ium conditions. i n this evaluation there are 2(N-I )n 

interface concentrations plus (N-1) phase boundary co-ordinates as unknowns 

and these are uniquely detennined by the (n-1 )(N- 1) independent rel ations 

of type (3.7), the n(N-1) equi ll brium ·free energ y relations of the form: 

(3 .8) 



and the 2(N-I) concentration ba lances of the form : 

n 

I: cil2 = 
i=l 

The required solutions then take the fo rm : 

(~. -· 
I 

f; 9..j 

~ exp [-A
2

/4uk]dA 

). 

subject to the indicia! equations 

u k = 
n-1 

1: 
J=l 

and the appropriate phase boundary values . 
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In the eva lua~io n of the coefficients the integra ls can 

be norma I i zed by I ett i ng : 

2 . 
exp [- >. /4U ] d.A. 

k 

\vhere dlk are funct ions of the bounda ry C sand the D's as determ ined 

equation <3.11 ). The comp lete numerical calculation involves as well 

(3 .9 ) 

( 3 . I 0) 

(3 .1 2) 

the solution of the simul taneous non-1 inea r set of equations (3.7) wit h 

· the phase diagram equ ival ent of sets (3.8) and· {3.9) . 

In testing the va lidity of this phenomenolog ica l descript ion 

it is suff ici ent to demonstrate exper imentally that equat ion (3 .3) is 
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valid, or t hat approximate equi I i brium is maintained throughout t he diffus ion 

process. 

3 . 2 Isot herma l So l id i fica ti on i nto a Binary Li qu id 

A~ a special case of the foregoing general analys is, we may 

consider mot lon of a pl anar int erface in a bina ry so lid-liquid system. 

For this ca se the surface reacti on is assumed to be fast enough to 

ma intain the local equilibrium condi t ion, so that the concentration at 

the interf ace is given by the phase di agram. The concent ration dl s tri-

bution in t he so l id and li quid (considered as sem i-infini t e media) i s 

given by the solution of Fick's Second Law: 

(3 .13) 

(3 . 14) 

~ (32) 
The mathemat ical ana lysis follow s that given by \'Jagner· • The ini ti a l 

and boundary condi t ions a re ill ustra ted in Figures 9(a) and 9(b). The 

continuity of mass flow at the sol id-1 iqui d interface is then given by : 

(3.15) 
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The val ue of x at the in erface is denoted by Z and is a function of t ime . 

The diffusion coeff ic ien ts ar·e assumed to be independe nt of concentration. 

With these assumpt ions the di sp lacement, Z, of the so lid- I iquid interface 

is given by : 

Z=2y ~
1 <3.16) 

A particular solution of (3.13) and (3.1 ) which sati sf ies the boundary 

conditions at+ m and the initi al condi t ions is given by: 

C = C
0 

+ /l, [I + ert (x/2/Dlt ')], x ~ Z (3.1 7) 

C = Cl + 8 [I - erf (x/2/65t ')], x ~ Z <3.1 8) . 

The boundary conditions at the i nterface x = Z, given in Figure 9( b), 

can be sat isfied by combining equat ions (3 .15), (3.16) and <3.7>, (3.18). 

· The constants A and B can be eliminated by use of boundary cond i t ions at 

x = Z and equat io ns (3.1 7 ), (3. 18). The resu lt is a transcendental equation 

relating y with the compos it ion parameters of t he system. In the case 

that o5 i s much smaller than DL The expression for y can be grea t ly 

simp I ifi ed to : 

r (y) -- /;' y (exp y2) [I + ed y] 

c -c L o = ---
c1-cL 

(3.19) 



27 

3.3 Representation of Diffusion Paths on the Isotherm 

' The above analysis of the mot ion of planar phase interfaces 

for multicompol'"lent multiphase systems assumes as a prior stability condi-

tion that a! I interfaces rema in flat throughout diffusion and fo r thi s to 

be so we invoked the requirement that no compositions should appear which 

imply a failure of this pl ana r interface assumption. As we wei I know, 

irregula r and non- planar morphol ogi es are often obse rved during the grO\'Ith 

of oxide scal es on alloys and in isothermal phase transformations in 

It · . t II . t (33, 34 , 35,36) . I d' I . , mu !componenT me a tc s ys ems , 1nc u tng ga van 1z 1ng . 

Such morpho logies re flect isothermal. diffusion instabilities that can 

arise in mu ltiphase dif fus ion due to the additional degree of freedom in 

the composition if the hi rd e I ement· is added . i· is apparent at 

this point that when the above planar ana lysi s leads to results that are 

inconsistent with the prior caveat again~t irregular and non-planar 

morphologies, then that ana lysis must be a successful predictor of such . 

instab i I iti es. 

All i sotherma l ternary diffus ion pr-ofiles vlit·h parabolic 

kinet ics can be ma pped onto the isotherm . Through el irnination of the A-

co-ordinate four ~chematic d iffu sion paths are plotted in Figure 10. 

Path ab ls stab le implying as it does the format ion of a planar inter-

face ben~een a terminal solid solution and an intermed iate phase A C • n m 

Paths cd and ef, on the contrary, cross the tie-lines in two pha se regions 

and thus imply the existence of supersaturation in the terminal solid 

soltd·ion dif fusion zone. This i s a conseq uence of o
11 

» o22 , a 

cond i tion most commonly l e<~di ng to d if f·uslon i nstabi I ity. Suc h unstable 
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paths, calculated on the bas is of ter-nary diff usion theory and the assumpti on 

· t I I · t f h b d · t d "v'1rtual paths"( 34 >. or s · abe p anar 1n er ·aces ave een es1gna e as 

The relief of the predicted supersaturation leads to serrated interfaces 

and internal precipita tion, i.e., to mult iphase zones along the path. 

The theory of kineti c i n er ace instabi I ities 1·:as introduced 

(37) 
by Wagner and t hi s has been extended into a general theory of ternary 

• ( 38) (39) 
interface insta bi I ity by Coates and K1rkaldy and by Coates • 

The I atter theories , however , focus on mar-g i na I i nstab i I i ty so are of 

li ttle help in the treatment of the catastrophic instability whi ch arises 

from the hig h v irtua l supersaturations indicated in Figure 10. Kirka ld/ 40 ) 

has recently treated the catast :-ophic case of internal ox idation or su lphi-

d~t! cn by methods which m~y ultima te lv ooint to a description of the much 

more compl ica'i'cd morphol og ical instabi ll"t'les l'lhich occur during galvan i zing~ 

3.4 Some Qua litative Factors Control I ing Stab! lity of Interfaces 

The foregoing analysis ot instabi I ities is strict'ly app li cab le 

to solid infinite or sem i - infinite diffus ion couples for which the number 

of intermediate phases i s usually defined from ti me zero. Under such 

conditions the d i ff us ion path i s also unique ly def ined by the initial 

composition differences of a ll the elements. In contrast, in the 

galvanizing pr-ocess, the diff usi on coup !e consists of .so lid iron and liquid 

z inc in an initial condition whereby the intermediate phases must be 

estab lished through a series of con secutive nucleation steps, the order 

be ing determ ined by the re lat i ve stra in and in terfac ia l free energy 

magnitudes of t hose mei·astab le confi gurat ions which are thermodynamica lly 
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possible. The sequential nucl ea-tion of more stable in termetal I ic phase 

rel at ionsh ips must lead , ·after cha racter-istic re laxat ion times, to dis­

continuous mod ificat i6ns of the di ff usfon paths. 

This di scont inuous character may be further abett ed by 

depletion of the I iquid in minor components. This depletion effect wi I I 

be particular ly pronounced if the nucleated intermetal I ic phases are rich 

in a component which can be suppl led only from the li quid part of the 

couple (as in the case of an al um inum-bea r ing z inc bath ), resulting in 

changes in the inte rfaci a l concent rat ion s at the soli d-liquid interface . 

Such changes can be pa r t icularly important loca lly i f the metastable 

diffu s ion paths are morpholog i ca lly. unsta ble as described in Sec-t· ion 3 ,3. 

Furthermore , the dep le·r ion o f elements near the i nter·face 

in t he I iquid may be dispersed by ag it<rt"ion al lOwing -I he 1n1Tia1 acTiV ITY 

of mi no r components in the bulk I iquid to be ma intai ned at a higher 

level at the solid -l iqu id interface than determ ined by paraboli c kinetics. 

The re I evance of the above genera I comments are explored 

i n Section 6,3 for ga I van i z in g reactions in . the temar·y system Fe-Zn-AI , 



CHAPTEr{ IV 

EXPERIMENTAL METHOD 

This chapter describes the experimental determinat ion of the 

equilib1~ ium data for the Fe-Zn-AI system and the hot dipping 

experi me nts. The fir st section is concerned with prepa ration of materials 

while the la t e r sections describe the experimental design, equipment 

and part icu la r procedu res uti I ized . 

~~--p~~epa ra t lon of Materia Is 

4. I. I I ron Sheets 

The sheets for the dipping experiments were prepared from Armco 

iron to mi nimize the e ffect of al toying el ements and impurities on the 

growth char acter istics of alloy layers. For alI speci mens used the 

following standard procedure was adopted: A piece of Armco iron 

<~ 100 gm) was r~mel ted in pure argon. The buttons obtained were annealed 

at a tempe rature of I000°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 

i nto specimens of 25 mm by 50 rnm and again annealed at a temperature of 

I 000°C fo1~ 96 hours in a hydrogen f I ovJ. The chemica I ana I ys is of the 

sheet spec imens is gi ven in Ta bl e I I I. The sheet s peci me ns were t hen 

prepared for ga lvan iz i ng using a procedure described in Section 4. 2.3. 

30 
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4. 1.2 Zinc Bat hs for the Dipping Exper iments 

fn Chapter I II it was shown that both the aluminum and iron 

contents of t he zinc bath have an important effect on the formation and 

growtt of ln· e ·rnediate pha 3es during ga lvanizing. For the study of such 

effects five iron-saturated zinc baths with increasing, aluminum contents 

vtere prepared . The basis meta Is were Armco iron ·sheet having the chemica I 

compos ition given in Tab le II I, a special high grade zinc supplied by 

Cominco Ltd., and super-purity aluminum supp l led by Alcan Research and 

Development, Ltd. The analysis of these starting mater ial s is given 

in Table IV. 

A maste r at loy of 50 wt. % AI, 50 wt.% Zn was first prepared 

by induction me It i ng, the appropr iate portion of each mater-ia I in a flow 

o-f argon. The alloy was then remelted for homog enization and cooled 

slowly . 

For each bath an approp r late amount of Zn-A I master a I loy 

and fine Armco chips were charged into a graphite c ruc ible along with 

approximately 2,350 gm of special high grade zinc. The zinc was melted 

and maintained for adequate mixing at a t em perature 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 ana ly sed 6hem ical ly. 

4.1.3 The lntermetalllc Compounds of the System Iron-Aluminum 

The binary compounds of this sys tem were used for the 

equi I ibri um exper iments and served also as standards for electron microprobe 
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analysis. The basis materials used for their preparat ion were the 

P.rmco iron and superpurity aluminum as described in the previous 

section. In al l, four intermeta llic compounds, FeAI, FeA1 2, Fe2AI 5 and 

FeAI 3 \'/ere prepared. Approximately 90 to 100 grams of weighed base 

met a ls were placed into the melting chamber of a non-consumable arc 

fu r t ~ ce . A turgsten electrode was used f r the melting operat ion , which 

1·1as carried out under an atmosphere af argon. The reaction between 

molten aluminum and iron is exothermic so that fusion of the charges 

took on I y a fe \'1 seconds. The. buttons obtai ned for each compound was 

cru shed and pl aced in a quartz tube. The tube was then alternately 

evacuated an d purged with argon four ti mes and then sea I ed. A I I com·· 

pounds prepared by this procedure \<Je-re then homogenized under th.:J cond i-

tions qiven in Tab ie V. 

Ai I annea led cc~pounds were analyzed chemically. As can 

be seen from Table VI alI compounds I ie well within the homogeneity range 

as given by the binary phase diag ram . The metallographic exam ination 

showed no secondary phases present in any of the compounds. 

4. I • 4 The I ntenneta I I l c Compounds of the System Iron-Zinc 

The o1 and E, compounds of the iron-zinc system were prepared 

to serve primar ily as standards for electron probe microana lys is. 

I 
.• ( 42) 

n preparing these compounds the procedur·e proposed by Koster was 

fol io\1/ed. Armco iron sheets were cut into thin strips. After weigh ing 

out the desired amounts of iron and zinc for the E,-phase , the mixture 

of tota l weight 10 g, was packed in a qua rtz tube and sealed under 

vacuum. The ampou!e was slowly heated up to 450°C and maintained at 
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Compou nd 

FeAI 

FeAI 2 
Fe2AI) 

FeAI 3 

TABLE V 

An nea ling Condit ions for I ron-A lum i num 
I ntenneta I I i c . Compounds 

Compoun d Annea li ng Condit ions -

34 

Temperature Time (hours> 
oc 

FeAI 1000 

FeAI 2 1000 

Fe2AI 5 
1000 

FeAI 3 650 

-

TABLE VI 

Chem ical Ana lys is of Iron- Al uminum 
I nte nneta II i c Compounds 

(percent by we ight} 

170 

170 

170 

170 

I ron Con t en·r Al um i num Content 

Ph ase Diagram Actual Phase Di agram Actua l 

67,43 66 ,57 32.57 33 ,24 

51 .0 - 51 ,5 51 • 19 48.5 - 49 . 0 49.99 

44 .0 - 47,0 45 ,1 2 53.0 - 56,0 55,55 

39 . 0 - 42.0 41.84 58,0 - 61 .o 57.58 
~ 
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this t empe rature for 6 hours. Then the tempe rature was raised to 600°C . 

Tilting the tube continually tor mixing, the temperature was slowly 

increased to 850°C. 
. 

Holding time at this temperature was 70 hours. 

During s low coo ling down t o 700°C the sample was aga in tilted tor 

better mixing of the me lt, and then left in the horizonta l position to 

avoid bu rst ing of the ampoule as a consequence of the volume increase 

of the a.-phase. 
I 

0 . 
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
1
-pha se • 

. The compounds obt ained were homogeneous . However , both of 

them exhibited excessive porosity \'lhich v1as cons i dered to be unacceptable . 

Accordingly, the fol Iewi ng powder meta llurgical method of preparation 

was adopted. Iron powder of pur ity 99.95 wt . % a nd zinc powder of 

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

each metal powder was weighed to give a tota l weight of 6 grams. The 

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

three pel lets weighing I gram were prepared by pressing the mixtures 

in an 8.7 mm (I 1/32'') diam. die at a pressure of 5500 ps i for 5 minutes. 

The pel lets obtained were pre-sintered in a hydrogen atmosphere at a 

tei'nperatu re of 500°C for 2 hours. The pe II ets were subsequent I y pI aced 

in quHrt z tu bes,evacuated five times and alternately pu r ged with argon, 

sea led in vacuum and sintered for 18 days at 500°C. Af ter sintering the 

sampl es were quenched by breaking the capsules under ice water. The t 

and o1 compounds prepared were compact, and meta llograph ic observations 

d id not revea l the presence of second phases. Chemical analysis of the 

two phases is given in Tab le VI I. 



TABLE VI I 

Chemical Analysis of Iron-Zi nc 
I ntermeta I I i c Compounds 

(Percent by weight) 

Compound Iron Content Zinc 

F, 6 .03 93,97 

o I 9, 04 90.96 
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Content 

(by difference ) 
( by d i tference ) 
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4. 1.5 The lntenneta l l ic Compounds of the Ternary System Iron-Zinc-Aluminum 

Prepared ternary compounds in this system were to be utilized 

as standards for electronprobe microana lysis in the propos ed equi llbrium 

experiments. This task of prepa ra -t ion was compl icated by -the fact ·that, 

as discussed in Chapter II, very I imited data were available on the 

ternary system Fe-Zn-AI. We reca ll that examination of galvan ized 

coa-tings had established the presence of Fe2At 5 a long with an unknown 

k
(IO> ternary compou nd. Constitu i· iona l wor , on the other hand, seemed 

to deny the existence of a unique ternary phase . Our O'I'Jn prel iminary 

(43) . v1ork wtth compounds FeAI and Fc~2AI 5 equili brated in zinc had on the othe r· 

han d , indicated the presence of an un known t ernary_phase. 

We proceeded on The Dasrs ot a proposea Te rnary rsoTne rm 

at 450°C I ike that in Figure 7, and prepared a set of ternary a I I oys 

consisting of powder mixtures of various pure meta l powders. These 

ternary al loys were fabricated using the powder meta llu rgy technique 

described above . For examp le, starting at the middl e of the homogene ity 

range of Fe2At 5 t ernary a lloys with increasing Zn content and approxi­

mate l y constant iron content (i.e., directed towards t he postu I a ted 

unknown ternary phase) were prepared . Simila r ly, al Joys or iginat ing 

from the 6,-phase were prepared having increas ing amounts of a luminum 
I 

at constant iron content. f'.-1eta I I ograph i c observat ions and X-ray 

analysis were then appli ed t o ident ify the presence of various phases . 

(44) . Geb hard t , rn attempting to prepare ternary al loys of 

the Fe-Zn-AI system, expe rl enced enormous dilatation of samp les 1>1ii"h iron 

con~ents above lO wt . %, irrespect ive of the method of preparat ion. This 
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substant ial i ncrease i n volume resu lted in a complete disintegration of 

solid compounds into powder. To circumvent this problem the following 

procedure was adopted .· As basis mater ials 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 carri ed out in the same way 

as desct· i bed in the previous sect l on for ~ and o 1-pha ses ·except that 

after pres inter i ng, a t which po int samp I es were part i a II y disintegrated 

due to the large vo lume Increase, the pel lets were re-pulverized, 

comp ressed at the stated conditions and sintered in evacuated qua rtz 

tubes at 500°C for 18 days. The r esulti ng sintered pe l lets we re 

satisfactorily stable and compact. 

The nominal compositions of t he prepared al toys are given 

s i nte red alloys. 

The metal lographic examination of alloy number I did not 

revea l the presence of any other phase than the expected o1• In alloy 

number 2 a very smal I amount of phase other than o1, probably Fe2AI 5, 

was detected. X-ray anal ysis of these alloys matched the three I ines 

fist ed for the o1-phase in the ASTM X-Ray Data File. Surprisingly, 

meta l !agrap hi c examinat ion of a l Joys number 3, 4 and 5 did not r eveal 

the presence of phases other than Fe2AJ 5 (presumably with dissolved zinc). 

The X-ray powder ana lysis yielded d-spacings .,.,hich \-Jere in good agreement 

. (45) \vith those reported for Fe2At 5 in the ASTM X-Ray Data Ftle • Alloy No, 6 

exhibited substanti a l amounts of a second phase; which other tes ts (see below) 

i dent i fy as o 
1 

• 

On the bas i s of X-ray and met a l lographic analysis the a l toys 

number·ed ' an d 5 we re se lected as standards for microprobe analysis. 



r All oy Number 

I 
2 

3 
4 
5 . 
6 

TABLE VIII 

Nominal Compositi on and Ch em ica l 
Analys is of Ternary Compounds 

9,00 89.00 2 , 00 
9.00 87.00 4,00 

44,00 3,00 53.00 
43,00 8,00 49 . 00 
43,00 12.00 45.00 
43.00 16.00 41 ,00 
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Chem ica l Analysis 

8,94 89.1 0 I. 96 
8.74 87.33 3,93 

44,08 53.20 
43.11 48.72 
42 ,82 44 . 60 
42,70 41.43 

_,,, ______ 

* Zn by difference 
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4.2 Experimental Apparatus and Procedures 

. 
The Investigation of the mechanism where by aluminum Inh ib its 

i ron-zinc a ll oy layer growth was directed experimentally in two main 

directions. First, throug h long-time equi I ibrium experiments, basic 

data on the Fe-Zn-A I isotherm at 450°C wa s obtained. These resul ts were 

the n cor~re I a ted with those obta I ned by meta II ograph ic, X-ray and 

electron probe microana lysis of galvanized samples . 

4. 2.1 Determ inat ion of t he Liqui dus in the Zinc-R ich Co rner of the 
Ternary System Iron-Z inc-Aluminum 

bear i ng zi nc bath has a significant bearing on the Inhi biting effect of 

aluminum. To ass ist in t he control of this variable a precise determina-

tlon of the I iqu idus I ine was attempted for the range of alum inum 

contents used in the subsequent dipping experiments. 

( 46) Edmunds has reported a va I ue of 0. 029 v1t.% for the 

0 solubl ll ty of Iron in pure z i nc at a tempera ture of 450 C. We have 

used a slmi lar methodo logy t o determine the solub ility of iron in zinc 

containing 0.2 1 wt.% of aluminum at 450°C. The apparatus used for this 

experiment is shown In Figure I I. A graphite crucible, of the 

dimensions shown , protected by a stee l shel I, was placed in an electr ic 

resistance fu rna ce . The stirring paddle could be exchanged for a 

sampling tube as exp la ined later. The temperature of the bath was 

control led by a chromel-a lume l thermocouple whic h was cal tbrated usirg 

the me lting point of the spec ia l hi gh grade z inc (99 .9975 wt . %l . The 
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the r mocoup le was protected by a pyrex tube . The f urnace i tself operated 

with a control I ing accuracy of~ 1°C, a contro l sta bility of 0. 5° 

or better, a cont rol sens itivity of I microvol t or 0. 1°C and a long 

term st a bi I i "fy ot ~ 30 microvol ts or 3/4°C over a one wee k per iod. 

Prior t o the expe ri me nt the c r uc i ble was charged wi th z i nc, 

heated to 450°C a nd the t op covered with Insu lat ion. Af ter 5 days t he 

var iati ons of t empe ratu r e along the vert ical ax is of the c r ucibl e were 

measured. There was a un l form grad lent in t empe rature behwen the bot tom 

and the top of t he z i nc bath and the maximum d ifference ~oms 1.5°C. 

The s l ight e r r or due to th i s di ffere nce was essent ia l ly eliminated by 

mea su r i ng the t emperature of t he bath dur ing a n actua l exper iment at the 

centra l , ha lf-h ei ght po int . 

For the experiment the crucible was charged wi t h 1930 

grams of spec ia l high grade z inc. After me lt ing at 445°C the desired 

amount of a luminum was int rod uced through the Zn- AI master a lloy . Very 

fine s tr ips of Armco iron were the n introduced in amounts a pproximate ly 

tv/ice tha t needed to sai·urate pure z inc at 450°C. After 24 hours , the 

st irrer was engaged for 3 hours, dur i ng wh ich operat ion the temperature 

sf ightly inc rea sed due to the mechan ica l work exer ted on t he bath . 

Wh en t he s ti r r ing was s t opped , the contro l fer set t ing was adjusted t o 

keep the melt at the maximum tempe rature atta i ned dur ing agitat ion, 

the stirri ng paddle was r emoved, the me lt ski mmed a nd the evacuated 

sampling tube int roduced into the bath. The top ope ni ng of the fu r nace 

was then closed with as bestos pl ates and g lass woo l . Next the t empera­

ture cont rol le r was ad ju sted t o 450°C a nd t he actua l tempera t ur e was 

men ito red cent i nuous I y throughout t he rema inder~ of t he exper iments . 
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Equi I ibrium was there fore approached vi a an undersaturated I iquid solu-

t ion. So I i d canst i tueni·s ·which prec ipi tated from the rr:e It cou I d sett I e 

or rise, depending on fhe!r density relative to the melt density. 

Because Fe and I iquid Zn have close to the same density, the time r equ ired 

for thi s separat ion, whi ch was essent ial for valid melt sampling, was 

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

for chemical a nalysis taken one week apart had to differ by no more than 

the estimated exper ime ntal error. 

Using the same bath, the temperatur e vtas then raised ·t-o 

460°C, lett tor 24 hours , stirred, insulated and the temperature adjusted 

aga in to 450°C . By t he same sampling procedure as above, the point on 

the I i qui dus i i ne v1as therefore approached from a supersaturated 

melt . 

Maximum variations of temperature during the equl lib ration ­

per i od wel-e observed to be + I. 6°C. The avera I I error i two I ved in the 

temperature measurement \'las evaluated as a combination of the following . 

supposedly rand om el ements: the error involved in ca lib ration+ 0.5°C, 

0 the error in reading the temperature! 0. I C and the error due to 

controlling accuracy+ J°C. Thus, the resulting overall error was cons idered 

i·o be + l .{>c . 

The procedure described was first tested on the binary solution 

Zn- Fe, and having obtained a result in agreement with the accepted 

(46) 
value , one further point on the I iquidus I ine !n the ternary was 

measured. 

' ... 
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4.2.2 Equi! igr ium Experi ments Between FenAi m Binary Compounds and Zinc 
at 450 C 

-----~~~~--------~-----------------------------------------

To amp lify our knowledge of the i sotherm of the Fe-Zn-AI 

system at 450°C eight diff erent equi I ibrium sDmples were set up. Every 

bina,-y compound (FeAI, FeAI 2, FezA 15, FePI 3 ) was equilibrated with pu re 

zinc and with zinc containing 1.71 wt.% aluminum. 

For every sample a smal I pi ece of compound <~ 5g) was 

immersed in a small ('v 20 g) zinc or aluminum-bearing zinc bat h, 

respect ive I y. Our i ng this procedur-e proper· wetting of the compou nd 

by the zinc bath was as sured . The sample was then cooled i n water , 

transferred to the pyrex tube (10 mms dia.) evacuated 5 t imes and 

were positioned in a graphite holder and placed in the resis tance 

furnace used for· a previous exper iment, heated to 450°C and rna i nta i ned 

at t his tempe rature for 800 hours . The adjusted temperature \1/a s 

s lmu I taneous I y centro II ed using t he previous I y ca I i bra ted chrome 1-

alume l thermocoup le . The maximum deviations in temperature detected 

0 dur ing the experiment were + ! C. 

AI I samples for th i s experiment are I isted in Table IX. 

Af ter 800 hours alI samples were quenched in ice water , sect ioned and 

examined metal log raphical ly a nd analyzed by electron probe microanalysis . 



TABLE IX 

Samples for Equll ib rium Experi ments 

l='mple No, 

I 

2 

3 

4 

5 

6 

7 

8 

* 

FeAI equi I ib rated with pure Zn* 

FeAI 2 equi I ibrated I>Ji-t"h pure Zn 

Fe2AI 5 equi I ibrated with pure Zn 

FeAI 3 equilibrated with pure Zn 

FeA I equ i I ibrated with Zn (AI) ** 

FeAI 2 ~qui I ibrated with Zn(AI) 

Fe2Ar5 equi li brated with Zn(AI) 

FeAI 3 equilibrated with Zn(AI) 

Speci al High Grade Zinc (99.9975 wt.%) 

** Spec ial High Grade Zinc containing I .71 wt . % of aluminum 

44 
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4. 2.:)_~-l_?t Di pp ing Ex per i meni's 

The hot dipping experiments were a imed at gathering infer-

mation about the effect of a!um inum, imme rsion ti me and ag i tation on 

the growth characteristics of alloy layers on iron galvanized in an 

aluminum-bearing zinc bath saturated with iron. The irrmersion 

times and a luminum contents in the bath ranged from 10 sec. to 30 

min . and from 0.1 I to 1.10 wt.%, respectivel y. This wide range of 

exper imenta l condi tions was selected with the purpose of obtainir.g the 

widest possible variations in ai loy layer development to a bet subsequent 

meta I I ograph i c, X-ray and rn i crop robe ana i ys is • 

. All AxrArimAni"r:~l v1o r~k Na c; carried out with 25 x 50 rnm 

· samples of f-1rmco it'on 0.3 mm thick and prepared as descr ibed in 

Section 4. I • I • 

Fiv e different zinc baths , prepared via the procedure 

described in Sect ion 4.1.2, lfter'e me lted in commercial graphite crucibles. 

The cruc ibles, situated withln a steel she l I, were placed in an electric 

pot furnac e. The temperatu re of the zinc bath was measured with the 

cal ibrated chromel-a lume l thermocouple protected by a pyrex tube, and 

i mmer~sed d i reci· l y in the meta f • The t emperature was contro I I ed to 

0 
+ 2. 5 C. A slo-tted insul ating cover vJas used for longer immersion 

times (30 mlns.), 

An analysis of each bath was performed just prior to the 

dipp ing a nd after t he short time dipping (10 sec, I min, 3 min, 10 min ) 

was completed long-time tests (30 mi ns) were carried out in the bath s 

used initially for the short period tests . For these , only the initial 
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chem ica I compos ition 1-1a s recorded, wh ich \'las of course i dent i ca I to the 

chemic a l a nalysi s after the short time dipping expe riments. The iron 

and aluminum contents of baths used in the dipping experime nts are 

record ed in Table X. These demonstrate that the bath composi ·rions are 

not sign ificantly altered by immersing sma ll iron samples . 

For eac h bath two sets of samples were produced. The first 

set consisted of 5 samp I es imme rsed for I 0 sec, I m T n, 3 min, I 0 min and 30 rn i r 

1'1 i thout agitation. The other· set \'las produced with samp I es in the presence 

of agita t ion. To maintain tt1e initi a l conditions for the two sets 

as nearly ident ica l as poss ible the shorter time clippings <lb sec, 

I min, 3 min, 10 min) were performed alternat ly with and without ag ita­

tion in the same bath. This bath was then di v ided into three sma lle r 

baths , serving to produce 30 minutes samples for both static and 

agitated conditions. 

The agitation involved an average vert ica l oscillation of 

0.5 in. amplitude twice pe r second. Prior to Zn dipp ing alI samples 

were degreased in hot tetrachloride, dipped for 5 min. In hot I :I HCI, 

rin sed in watE:~r and dipped in a hot (70°C) solution of zinc ammon ium 

chloride (300 g/1) for 3 minutes. They were then dried above a hot 

plate ("- 3 min) and immer sed In a f resh ly skimmed bath. The oxide 

film on the su r face of the bath was sk irnmed aga in jus t before removing 

the sample. Every sample was quenched in water within two seconds of 

leaving the bath. After qu enc hing , the samples were dried, marked and 

a strip was cut to r micro-examinati on leaving the remaining part for 

X-ray analys is. 



Bath I 

Bath II 

Bath Ill 

Bath iV 

TABLE X 

Iron and Aluminum Contents of Zinc Baths 
Used in Di ppin g Experiments 

(percen t by we igh t) 

Prio r to Dippi ng After Dipping 

Fe AI 

0.020 0.120 

0.026 0. I 53 

0,032 0.220 

0 .034 0.320 

Fe 

0.021 

0.027 

0,032 

0.035 

AI 

0. I I 0 

0. 150 

0.215 

0,310 
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The sections obtai ned 1vere mounted , ground on emery paper and 

polished on Selvyi" cloth impregnated with d iamond powde r suspended in 

' kerosene. Extensive experimentation confirmed that the etching procedure 

(26) 
proposed by Haughton v1ould yield satis factory results . Wiih minor 

modif icat ions for· se vera l samples, the foll01ving etching procedure v1as 

adopted. The specimens were hand swabbed for about 5 seconds on a piece 

of Selvyt cloth moistened with amy l alcohol containing 3 drops of nitric 

acid in 50 ml. of a lcohol. This removed any diamond particles entrapped 

on the surface and gave a very I ight etch. After this preliminary 

treatment the speci mens were etched with Row land's No. 5 etching reagent 

(0,075 g of picric acid, 18 ml of ethyl alcoho l and 60 ml of water ), 

This etchant very often led to stain in g . To remove the stains , the 

etching was fo llowed by a brie f swabu ing on Selvyt cloth moistened wiTh 

2 percent nitric acid in amyl alcohol. Two percent nitric acid in amy l 

alcohol, giv ing a very I ight etch, was also used for etching t he equi li-

brated samp I es. 

4.3 X-ray Diffraction Analysj~ 

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 

pu rposo 1 part i cuI a r I y for d i rcct examination of sheet mate ,- i a I 
1 

because 

of the very shallow penetration of X-rays into most metals. Accordingly, 

surface d i ffrad ion ana I ys is was arp I i ed to a I I samp I es pmduced from 

each bath at immers ion times of 10 sec, I min, 3 min, 10 min, 30 min. For 
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comparison, using the same exper imental conditions, diffraction patterns 

were obtained for the ~inary compounds FeAI 2 , Fe2AI 5 and FeAI 3• Our 

initial i ntenti on to obtain by the same method diffraction patterns from 

prepared ternary phases could noi" be realized due to an insufficient 

supply of these samples . hus, or the latter inte r'meta LI ic phases, 

diffraction analysis had to be achieved by the Debye-Scherer powder method, 

as descr i bed Jn Section 4.1.5. 

To uti I ize fully the advantages offered by t he surface analysis 

method the experimental conditions must be carefully chosen in advance 

since absorption effects can cause a significant distortion of the informa-

tion obtained, 

4.3.1 Theoretical fl,na lysis of the Reflection Method 

In analysing very thin surface depos its 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 I (ergs/cm2/sec), is I em ·square in cross 
0 

section, and is incident on the plate at an angle a. Consider now the 

energy diffracted from this beam by a layer of length t and thickness dx 

located at dept~ x below the surface . Since the incident beam undergoes 

abso rption by the specimen over the path length AB, the energy E incident 

per second on the laye r considered is : 
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-p CAB) , I = I e (ergstsec) 
0 

( 4. I ) 

where~ is the linear absorption coefficient of the material. 

If now, a is the volume fract ion of the specimen (containing crystal line 

particles ) having the correct or ie ntation for diffraction of the incident 

beam, and~ i s the fraction of the incide nt energy which is diffracted 

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

a • (4.2) 

Now. this diffract e d energy is a I so decr-ease d by absorpt ion by a factor 

-d BC ) of e • Thus the energy f I ux per second in the diffracted beam outsi de 

Since 

1,. •• • 

OJ y • 

= a b ~ I exp (-p (AB+BC ) dx 
0 

9. ::; --- AB = _x __ BC ""' 
sin a sin a 

X 

sin 8 

and a= B = 8 for· the di ffractomete r, then equation (4.3) yields: 

ab 
-2~x/sin 8 d e x 

s ine 

The tota l diff racted inte nsity is then obtained by integrating over an 

in f ini te ly thick specime n: 

(4.3) 

(4.4) 



r 
x=O 

diD = 
I ab 

0 

Here, I , b, 1J are constant for a ll ref l ect i ons (i ,e . , independent 
0 

of 8) and~ may be regarded to a good approx imation as constant as 

we II. 
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(4.5) 

Thus , v1e may conclude that a flat specimen making equa l angles 

with the incident and diff r acted beams , not on ly produces focus ing but 

ma kes t he absorpt i on factor 1/2 1J independent of e. Thi s lack of dependence 

of diff racted intensity on B is due t o a ba l ancing of t wo opposin g effects . 

At· e sma II , a I arge i r radiated area and sma I I penetration depth are corn-

bined, v1he r~ea s ate l arge , a sma ll l r radi ate1 area is penet r ate d t o a 

greater depth. 

Having est i mated the total d if fracted intensity, we must pose a 

question: to \'/hat depth in the spec i men does the in format i on ob·rained 

r e I ate? The tot a I i ntegrated intensity is g i vc-:J n in terms of constants ~' 

b, !
0 

(equ ation 4, 5 ). However, t hese constan t s cancel it the in~ensity 

diffracte d by the l ayer considered i s expressed as a function of the total 

integrated intensi t y diffracted by a spec i men of infini te th ickness . Then 

for the d i tfractometer (a = 8 = G): 

Th i s exoress ion a ll ows o11 e to ca l cu lat e the f raction G of the total 
X 

(4. 6 ) 
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di ffracted intens ity wh i h is contributed by a surface layer of de pth x . 

If we now arbitrar ily deci.de that a contribution from this surface layer of, 

let us say , 90% of the 'total is suff ici ent , so that the contribution from 

the mate rial belovt that layer can be ignored, then x is define d as the 

effective depth of penetra t ion. Thus 1ve kno1·1 that t he information recorded 

on the diffraction pattern Cor more accurate ly,90% of the in formation ) 

refers to the layer of the depth x, and not to the material below it. 

Equat ion (4. 6) shows that the effective de pth of penet ration 

decreases as e decreases and therefore var ies from one diffract ion I ine 

t o another . For ease of calcul at ion vte may write : 

2j.JX = In (_ I-> = K 
,.. : ,..tO r· " ..... ',, ... 

X 

and 

X = ----

Values of Kx correspond ing to various assumed values of Gx are readily 

calcul ated and are given as follm1s : 

~~~~-o_· ___ o_._75 _____ o_.9_o ____ o_._9_s ____ o_._9_9 ____ o_._99_9 __ _ 

K~~69 I . 39 2,30 3 ,00 4.61 6,91 

(4.7) 

(4. 8) 

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

by v10rking at low angles e with r ad iati on that is hi ghly absorbed. 
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4.3.2 The X-ray Diffractometer 

A dif f ractomefer directly records X-ray intensiti es diffracted by 

a powder or so li d spec imen. The usual design of instrument (Figure 13) 

use s a planar specimen in a reflecting position. The specimen is set with 

its surface on the di f fractometer rotati on ax is so t hat the s urface normal 

bisects the angle between the incident X-ray beam and the beam diffracted 

to the detecto r . To maintain t hi s parafocussing geometry the specimen is 

geared to r·otate at one ha If the angu I ar ve I oc i ty of the detector . The 

centers of the source and the detector slit are set equidistant from the 

spect rometer rotat ion ax is. The specimen surface i s then tangent t o a 

ci rc le, pass ing thr-ough the source and detector centers. 

r-or exacT rocussing rne spec1n en wou·a lldVcl -,o r1ave d curvdiure 

in the equatori a l p lane . 8ut the curvature is approximated by 

the tangent surface of the spec imen, and the diffracted beam is concen­

trated in a smal I angular range about the focus . 

Beam dive rgence no rma l to the equator i al plane is I imited by use 

of Soller slits pl aced in the incident and diff racted beams . These are 

para ! le i sheets of metal foi I narrowly separated and set para I lei t o the 

equatorial plane. 

The an gular divergence of the incident and diff racted beams in 

the equat orial p lane is l im ited by the divergence and receiving slits, 

re spect ivel y. The permitted diffracted-beam divergence is genera lly 

greate r than the incident-be am divergence , so that the diffract ing volume 

of the specimen is control led by t he d ivergence of the incident beam. 

Tho angu lar widt h subtended by the focal spot at the specimen af fects the 

diff raction I ine width , particul a r ly at lowe va lues . The pulse 
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output of the detector is registered by a sea I i ng unit, and in most 

instruments a ratemete r an d chart recorder r·ecord the intens ity variation, 

wh ich can be measured with the det ector , in a fixed position or by 28 

scan at a se lected angul a r ve loc ity. 

Instrumental abe rrotions may produce displacement or broadening 

of the diffract ion I ines. The effect of most instrumental aberrations is 

to di sp lace the scatte ring di str ibution without apprec i able broadening. The 

displ acement of the diffract ion I ine due to instrumenta l abe rra tions in 

. ( 49) 
the equator i ~ l plane has been der ived by W1 I son as : 

( 4 .9) 

2 + (<fl Ia> cot e + X cote 

where~'\ is the angle betvteen the incident ax i s<2e = cY and the ray frorn 

the source center to the rotat ion axis, <P is the angu lar diver·gence of 

the inc ideni· beam , r is the displaceme nt of t he s pec i me n surface plane e 

fr-om -t-he ,-otat ion axis , R
0 

i s the d i ffractometer radius , r
5 

is the dis­

pl acement of the source center from the focussing c irc le in the incide nt 

direction, and X is a parameter due to cross products of instrumenta l 

aberrations . 

Thus the ze ro a I i gnment error : 

(4.10) 



and the eccentricity error 

2(r /R ) cos e 
e . o 
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< 4. I I ) 

are of the first order and are the principa l sources of error in diffraction 

measurement . 

The broaden ing of the diff raction I ines is primarily due to 

the source intens i ty distribution. 

4.3.3 Selection of Experimenta l Cond i tions for X-Ray Analysis 

In selecting the experimental conditions for X-ray anal ysis, 

minima l peak shift was judged to be a governing criterion. hiS VIaS 

in principl e atta inable via limitation of the depth of penetration as 

wel l as select ion of appropr iate instrumental parameters. 

The relative ly large uni t ce ll s of iron-aluminum compounds and 

the very closely spaced I ines of the ir diffraction patterns (ASTM 
( 2"7 ) 

X-Ray Powder Data File and Hors~nan n ' >,call for the use of X-ray 

radiati on with relatively longe r wavelengths to gain well-separated 

dif fraction I ines. Such a desirabl e cho ice of wave length may not be 

acceptab le due t o other requirementso 

Referr ing to equation (4 . 8) : 

X ::: 
K sin e 

X 

2~ 



56 

we see th at a smal I depth of penetrat ion x, and consequently a smal I peak 

shi ft , can be atta ined only by working at smal I angles e with radi at ion 

which is highly absorbed by the layer being examined. To estimate the 

appro:-<irnate depth of penetrat ion for the X-radiation ava il ab le ( Fe and Cu 

tubes) the average composit ion of the protectl v laye r was tentat ivel y 

assumed to be 37 at.% Fe, 60 at.% AI, 3 at.% Zn. Then assuming that 75% 

of the information recorded on a diffraction patte rn pertains to this laye r 

(i .e., G = 0.75, K = 1.39), the effective de pth of penetration x was 
X X 

ca lcu l at ed fo r CuK and FeK radiations. Results of this calcu lation 
a a 

are shown as a function of ang le e in Tab le XI. 

Thus, in view of the fact that thickness of the inhib iting layer 

was est imated by Borz i llo an d Hahn(30) to be of the order of one micron, 

the CuK rad iat ion was selected and t he angle e was va ried with in a range 
a 

5 - 25 degrees (28, 10 to 50 degrees). By se lection of this radiation 

and range of ang les, the peak shift was minimized, but at the expen se of 

I ine spacing and peak-to-background ratio. To correct for this latter 

shortfall in condi t ions the medium defining slit (1°) an d medium 

detector (rece iving) slit (0,035° o r 0 .1 mm) and a low scanning velocity 

(1/2°/min) were selected. The above parameter·s then determine d the 

i . t t RC th h th f I I · I ~ · ( 50 ) ·1me cons an roug e o owtng re a·,,ons : 

time width of slit= 60(v/w)[sec] 

where v - detect or slit width in degrees 

w - scanning velocity in degrees per minute 

RC < I /2 time 1-~ i dth of s I it 
~ 

(4 .12) 

(4.13) 



TABLE XI 

Approxi mate Effective Depth s of Penetration 
For CuK and FeK Rad i ation 

(l (l 
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~ 
-=ol!e ·- -~ •m~'l 

Effective depth of penetration (micr-ons ) 

Angle e ( deg.) 
CuK radi at ion FeK radi at i on a CL 

0 0 

>.= I .542 /'>, >.= 1.937 A 

5 0.58 1 I .568 

10 I . 16 3. 12 

20 2 .29 6.15 

30 3. 35 9.00 r 
~ 

~~--------~--~~~~~·~----~----~~~--~.-~~ 
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For our parameters the time width of slit was 4.2 sec. Thus "viS selected 

the t ime constant RC = I sec, which assu red satisfactory resolution and 

prevented the shift of peaks i.n the scanning direction from increasing the 

li ne asymmetry an d loweri ng the peak intensities, 

Tho X-ray analysis was perfonned on·- Noreico type diffracto ­

meter at the Research Laborator i es of the Stee I Company of Canada. 

The X-ray analysis was appl i ed to alI samples produced under 

agi tati on because they a lI exh ibi ted suffic i ent l y th i ck i nhibit i ng l ayers. 

The samp l es were 30 mm long and 25 m'TI wide . P lor to X-ray e>~arnination 

the ·area of every specimen v1as measured. The 7.. inc over! ay \'la s removed in 

a 5% sulfuric acid sol ution with 2g/l of sodium arseni te , The 

residual arsenic f ilm was then r emoved by a flash i mme rsion in co l d con­

centred-ad nitric acid and r· insed i n vtat·er . The specimens were weighed to 

the neC~rest 0.002 mg on a microbalance. After X-ray analysis , the a l um inllm­

ri ch a lloy layer was stripped off in a hot solution of 20% sod ium hydroxide. 

The resIdua I fi I m was then removed by a f I ash immers ion in cold concentrated 

hydroch loric acid. The spec i men s were aga i n weighed on the mi croba l ance. 

The powder samp I es were prepared by grinding the ccrnpounds t o 

325 mesh and the powder obtai ned \vas rr.echan i ca i I y mixed for 2 hours. In 

prepar· ing the samp l es for the dif fractometer the powder was f irmly pressed 

in -t-o the holder to secure a st ab l e f l at surface 1 thus minimizing a peak 

shift due to poor surface but at the expense of a possible relati ve 

intensity change due to preferred orientat i on of crysta ls in the powder 

compact . 
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4.4 Electron Probe ~Hcroan alysis 

. 
In electron probe microanalysis the concentrat ion of a given 

e l ement A in a sample can in pr i nciple be dedu ced from a comparison between 

the intensity IA of an i mporta nt characteristic I ine of e l ement A em itted 

by the sample under given conditions of electron bombardment and the 

intensity l(A) o f the same characteristic radi ation when emitted by the 

pure element A under the same electron bombardment conditions. In pract ice, 

three different cor rections must be made to the measured raw intensit ies. 

These account for atomic number differences, f or mass absorpt ion, and f or 

fluorescence e ffects. 

There are tv;o methods of deal ing with the ra w data . One is to 

in terpol ate the experimenta l data for the un l~nmm between tllat determ ined 

for adj acent known alloy standards . This procedu re is exce ll ent tor b inary 

systems but is o ften inconvenient f or ternary systems because o f ·rhe I arge 

number o f alloy standards required. The secon d method is to theoret ically 

correct the measured i ntensities on the basis of intensity data obtained 

for the pure components of the ternary system. 

~Je sha II not de a I here vii th deta i I ed correction ca I cuI at ions, 

(51 57) 
since these have b~en treated in great depth by many authors ' 

Our~ attention \'li II be di rected solely toward the pr obl ems arising from an 

app licat ion of e lectron probe microanulysis to the intermeta l l ic phases 

of the ternary system Fe- Zn"':'AI • 

. ( 58 ) (59 ) 
Caion i and Ferr~arl and Palmer and Thresh have reported 

i ron pro f il es f or· the phases formed on ccrnme rcial galvanized coat ings . 

The I atter authors have reported measurements for N i , T i , Mn and V as we I I • 
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The elemeni·s invo lved in these exam i nations, be ing reasona bl y close 

i n the periodic table, 'l'le re amenab l e to app lication of standard correction . 
0 

( 29 ) 
procedures . Came ron and rmay through microanalysis have reco rded 

the presence o f a te r nary compou nd in a lumi num-bear in g coa tings. The i r 

results, however , were not co r rected and the percentages do not add t o 100% . 

These investigators found the iron content of the binary phase s formed on 

iron to be in a good accord with va l ues given by the equi I ibrium d i agram. 

In ou r work we have chosen to concentrate on the phases 

formed in equilibrium samples. The phases expected were either iron-aluminum-

rich, l'lith sma ll e r addit ions of z inc, or i ron-zinc-dch wi th smaller ad-

ditions of alumi num. 

Ph ! ! l be :t ( 60 ) J:"A_ A I h1n"'r" ~111'"\"c ''""'+,....Iii.,,+ cJ. 
' ..... ' ' ' - ' '' ...,.,. I ..... ' ~ - · I - '" -. r . - • - ,. ' • , ~ 

AI) by microana l ysis found good agreemant between the results obtai ned an d 

chemica l analysi s at an accelerat i on voltage E = 10 keV. ForE > 13 keV 
0 0 

the correction calculation becomes meaningless due to the excessive absorp -

t i on o f character istic aluminum radiation by Fe . 

Our ex tensive preliminary measurements car~ ried out at low acceler-

ation vo l t ages ( 10 , I I, 12 keV) on Fe-AI, Fe-Zn bina r y standards and Fe-Zn-A I 

ternary standar ds showed great discrepanc ies between the chemica l analysi s 

and the conventional corrected microprobe results. We concluded 

that it was i mpractical to measure aluminum contents in our ternary al Joys, 

even with low acce le ration voltage s , since the z inc is even more absorban t 

t han the i ron. Fu rthermore , the r·esulting l ow intensities associated 

vlith low voltages an d the hi gh absorption of Zn radiation by iron l ead to 

poor st at i st i cs on the zinc readings. Our expe rimenta l procedur e was 

the r efore designe d t o select an opti ma l acceleration voltage with respect 

to the ! ron and z inc detennination wh ich would en able measurement of their 
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content to an flccuracy sufficient to allow an aluminum determination by 

d i Herence . /J,s part of. this procedure a II prepared binary phases ( Fe-AI, 

Fe-Zn ) and thf3 two significant ternary phases were examined by e I eci-ronpt·obe 

microana l y si s at the accelerat i ng vo l tagvs 14, 16 , 18, 20 and 22 ke Y, In 

all · hese measurement s the pure e lernents were used as standards . The raw 

data were first corrected for~ background and i nstrl.imental dead time, then 

the atom i c number, absorption and fluorescence corrections were applied to 

the ra1" intensities .to yield the composition in weight percent. For a ll 

corre ct ion ca l culat ions the relationships and data given in reference (61 ) 

we re adopted, The calcul ations were carried out by computer using the 

' 
ite rative progr am avail abl e at McMaster Unive r s i t y. 

the resu l ts of chemica! an a lysis and the acceleration voltage giving the 

best results tor Fe and Zn was selected for exam ination of the equilibri um 

samples, The alum inum content was then obtained by difference. The results 

of these preliminary measurements are given in Appendix A. As can be seen 

from the summar-y given in Tab I e XI I, an acce I e ration voltage of 18 keV 

yi e lded results closest to i ·he actual composition of the exami ned phases. 

This voltage '"as there-fore selected as the base tor further analys is. 

It i s particularly gratifying that the 18 keV optimization gives an excellent 

corre lati on between the chemical and microprobe r-esults 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 

tor t he 18 keV condition is also a very good interpolat ion formu la tor 

po in-ts 'Hi -th i n t he i sothe nn. \'/e unt icipate, from i ·he errors in column 18keV 

Table XII, that the experimental measurements quoted in the following will 



I Ccxnpo:d 
' 

FeA I 

FeAI 2 

Fe2P.I 5 

FeAI
3 

Ze· a 
Phase 

De lta 1 . ph ase 

Ter·nary 
phase (2) 

Ternary 
phase (5) 

TABLE XII 

Summa ry of Preliminary Microanalys is Resu lts 
. (*Values Obtained by a Difference ) 

Chem i cal Analysis Accelerating Voltage 

Cwt .%> 

14 16 18 

-
Fe - 66,57 67,78 67.80 65 • 90 ( - I • O% ) 
AI - 33 .24 32,22* 32.20* 34.10*(+2.5 %) 

Fe - 5 I. I 9 53.60 52.10 50.20(+0.0% 
AI - 49,99 46.40* 47.90* 49, 80* (+0.02% ) 

Fe - 45 . 12 48,25 47 .10 (+5%> 
I'd - 55.55 51 • 75* 51 • 75* 52.90* (-4,5%) 

Fe - 4 1 .84 42 ,00 42 . 40 41 ,70{-0 , 35% ) 
AI - 57,58 58 ,00* 57. 60* 58.30*(+ 1 .20%) 

Fe - 5.99 6.40 6,30( +5 .0%) 
Zn - 94. 01 93.50 93, 50(-5.0%) 

Fe - 8.92 9,65 9.30(+4.0%) 
Zn - 91.08 91.40 88.50(-2.8%) 

Fe - 8 ,60 8 ,20 8.20(-4.5%> 
AI - 3,93 2 ,80* 4.00*(+1.8%) 
An - 87.47 89. 00 87,90(+0,5%) 

Fe - 42.82 41 • 87 ( -2 .3% ) 
AI - 44.60 45.68*(+2.2%) 
Zn - 12.58 I 2 .45 (- I .0%) 
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(keV) 

" 
20 22 

64,20 65 ·' 0 
35.80* 34 . 90·lf 

49 .00 46 .70 
51 ,00* 53.30*' 

49 .00 44 . 50 I 5 1 ,00* 55.50* 

• 43 , 70 l,O . 50 

f 56 ,30* 59.50* I 
6.50 

I 
6.20 ! 

93,50 94.20 

I 0.10 9 ,80 
9 I .00 92 .70 

8.60 8.40 
0.10* 0.60* 

9 1 ,30 91 .oo 
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be to an accuracy of bette r than 5% of the amounts of the two major con-

sti-t-uents present and to 5% of the zinc (but not the AI) present when it 
I 

is the minor constituent . 

The Acton-Cameca e lectron probe microana lyser used for 

thi s study al lov1ed us to monitor a ll three element s at once . Prior to 

microana lysis the specimens were prepared metallographical fy and coated in 
0 

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

trical contact between alI samples and the ground ing el ectrode. 



CHAPTER V 

EXPERH~ENTAL RESUL:rs 

The results of the exper iments described in the previous 

chap ter are presented in thi s section. 

~Equilibrium Experiments 

The equi! ibrai"ion expe r· i rnents v1e re carried out to provide data or 

to deter-mine sol ubi I ity.points on the liqu idus curve in the z inc-rich 

corner of the ternary isotherm are summar ized in Table XI II • 

The results for the binary system are in good agreement with 

currently reported sol ubi I ity data at 450°C(
46

). This fact pemitted us 

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

new po:nt on the liquidus curve has been established at the co-ordinate 

Fe AI 
0.030 wt.% + 0.0005 0.21 wt.% + 0.005 

~ie her·e~fter· take the sol ubi I ity curve to be approximated by a I ine 

connecting the experimental po ints for the entire required range of 

a l uminum content in the zinc baths used in the galvanizing studies. In 

the second part of the eq ui I ibrium experiME.m ·f·s the Fe-AI binary co:n-

pounds were equi I lbrated with pu re zinc or aluminum-bear ing zinc, respec-
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TABLE XI I I 

The Results of the liquidLs Line Experiments 

Time of Experi ment Fe <wt .% ) 
! 
r------~--~--~----~--~-=-

1 

Binary 

• Approached 
frorn 
T < 450°C 

Binary 

Approached 
from 
T > 450°C 

2 1 days 
30 days 

20 days 
29 days 

0.0285 
0.0288 

0.0295 
0.0292 

T 
Te rnary 

Approached 
fro:n 
T < 450°C 

Ternary 

App roached 
froo 
T > 450°C 

.... J.., ••••••• ., ••• ,., .... .,.,,,,., 

" " >L ---~ 

Time of Fe{wt .% ) , AI ( wt .%> 
Experiment . 

. . 

15 days 0.029 0.21 
22 days 0.029 

I 
0.2i 

I 

18 days 0.030 0.21 
26 days 0.031 0.22 

I 
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tively, a·t- 450°C for 800 hrs. After quench i ng, the samples were sectioned 

and prepared fo r meta ll~gra ph i c obse rvation. {Etching agef1t - 5 drops of 

HN0
3 

in 50 ml o t arnyl a lcohol), Prior to microana lysis the etching \~ as 

removed. 

Equ i I i b r i urn Between Fe A I and Zn 

A. typica l mi c r ostructu re of this -t-e st sample is shmm in Figure 

14. Nea r t he ori g ina I Fe-A 1-Zn i nter t ace ·rhere i s a continuous I ayer of 

a ph ase ( l ater ident i f i ed as zinc- beari ng Fe
2

AI
5

l hav i ng a s li gh-t-l y li ghte r 

shade than FeA I ph ase at the bor·rcm . 111ovi ng upv1ard we find a t hree-phase 

h o ' ""' '· '' f" "'" n +':l in: nt""1 ~~· ~ .. , ~~ .. . ~ .. .. · ·:;, 

a fine di spe r s ion of z inc- bear i ng Fe
2

AI
5 

and wh ite I i qu id z i nc streams. 

Out of the metallograph ic field at the top this three-phase region merges 

into the sing le I l qu id zinc phase. 

All -t-he phase s present were analysed vlith the electron micro-

probe. In a II these measurements t he e I eci·ron probe spot was a I ways I ocated 

vii thin 5 to I 0 microns of the phase interfaces . No attempt was made to 

measure conce ntrat i on gradi ents wi t hin any one phase. AI I microanalysis 

data and r esults pertaining to these e><periments are given in Appendix B. 

The re su I ts obtai ned tor the above sc:mp I e are presented in Tab I e B .I • 
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The microstructure of this specimen was the same as the pr·evious 

one nea r the Fe.1\ ! te t-m i nus. Hov1eve r, the fine d i spe rs ion of the b I ue-grey 

ph~se (Fc2AI 5 > extended th rough t he large co l umnar ph ase <a 1> i nto the I i quid 

zinc ma·rr ix surrounding the i mmersed samp le as indicated in Figure 15. At 

the outs ide interface of the l arge grains the three-phase equi i ibrium could 

be most aas i !y i dent ified. As can be seen this three-phase equi i ibrium 

is forrned between the white z i nc , the grey l arge -gra i ned phase and the small 

grairis of blue-grey phase , The microana lys is data and the results a re 

given in Tab le 8,2. 

Equ ili br ium o-f FeA i " ~~ji·h Zn 

The microstructure of this specimen consisted basicall y of a 

three-phase equi I ibrium throughout, as shown in Figur~ 16, Within the 

zinc matr ix (white) there are r egu l arly shaped grey grai ns <a
1
> along 

wi th a dark phase ( Fe2At
5

> quite frequently formi ng triple-points of 

preci se three-ph ase equi I ib rium . The small particles of the dark phase 

are a I so to be found with i n the gra i :1s of the grey phase . In the 

microana lysis each phase was exam ined in ·hvo phase contact as wel l as at 

tripl e poi nt equi I ibrium. The results obtained are presented i n 

Tabl e 8 , 3 . 
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Equilibri um of FeAI 2 with Zn (AI) 

The microstructure of this sample, in contrast to the prev ious 

one and a l though strong ly attacked by the zinc , still conta ined remnants 

of the original FeA1 2 phase. The genera l microstructure cons isted of the 

dark grey phase imbedded in a matrix ·of I iquid zinc , as shown in Figure 17. 

The data and results of the microanal ysis are given in Table 8.4. 

Equ i I i bri um Between Fe2A .!_5 an d Zn 

The microstructure of t his specimen was relat i vely simpl e , as 

t:": r tt I f"'r\ I A 
.• :::J-. - . - • 

with z inc as we ll as wit h large gra ins of t he grey phase. The lat te r 

phase also equ i I ibrates with z inc. In Figure 18 a three-phase 

equilibrium can be clearly i dentifi ed between the described phases. Th is 

triple point was ana lysed by the el ectron micr oprobe and the results 

obtained are given in Table 8 .5. 

Equ i li br-i urn Be t ween Fe2~1 5 and Zn(A I ) 

A ty pical feature of the microstructure of thi s s peci men \·tas 

that a ll remnants of the original Fe2At 5 phase had disappe.ared. The Fe2At
5 

phase was appa rently rapidly attacked by the a luminum-bea ring zinc and 

the microst ructure was formed exclu s ive ly of irregul a r grains of dark phase 

·embed ded in a z i nc rnat:- ix, Fi gure 19 shows a typ ical microstructure of 
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t his s pec ime n. The blue -grey phase was anal ysed wit h t he e lectron probe 

wi t h results give n i n T~bl e B.6 . 

Equil ibr i um Bet\veen FeA I3 and Zn 

The interface of t his speci men was heavil y damage d due t o the 

ex t reme brittl eness of FeAI
3 

so no cons i stent meta l lographi c examination 

of thi s specimen was possibl e . Howe ver at a few spots where t he 

interface seems t o have been ma inta ined, a di stinguishable t wo- phase zone 

separated by h,ro sing I e ph ase zones was appa rent . No m i croana I ys i s 

cou ld be ca rri ed out. 

Eq ui I i br i um Between FeAI 3 and Zn(AI) 

The inte rface of th is speci men wa s less s ubj ect t o c ra cking 

than i n the previous case wh i ch allowe d signif icant observat ions of the 

FeA I3 attack by z inc . This attack resu lt ed in the format ion of a t wo­

phase zone sepa rati ng two s ing le-phase zones as ind icated in Figure 20. 

t..., icroan a lysi s was carr ied out on the blue-grey phase at its in terface 

1-lith zinc. The results are gl ven in Tabl e B.7. 

5.2 Metal lograp hi c Examinati on of Gal vun i zed Speci mens 

The ob jective of the gal van iz ing expe riments was as stated 

be fo re , to generate the vlidest poss ible va r iat ions in t he de ve lopment of 
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in termei"all i c phases at tho i ron-zinc interface. The meta llographic 

examination aimed to detect the sequence in the development of 

observab l e intenneta ll ic phases. This information ~o1as to be compared with 

X-ray analysis, part icul arly useful at ear ly stages of the gro1'1th proce ss, 

and micr-oanalys is of ternar·y compounds vJhich r each a satisfac-tory thickness 

at the l atest stages of the process (i. e~ , l onger times, higher aluminum 

contents) . 

Toil i ustrate the relationship between a l um inum content and growth 

character isti cs of the in termeta l l ie phases , the ir meta l l og raphi c develop­

ment viii! be d i scussed for each given time of immersi on as a funct ion o f 

the alum inum content of the zinc bath.* (AI I metallograph i c observations 

were carried out at a magnificat i on of 11 40X ), 

(a) I mme rs i on T i me I 0 Sec , 

Bath I : The major part of the i nter-tace between i r~on and zinc i s formed 

* 

by an even I ine without any in termediate phase apparent , At a 

few spots there are ve ry small regions 1·1i t h a phase penetrating 

sl i ghtly below the interface. This phase has a grey, spongy 

appeorance, Sma ! I nuclei of another phase were observed wi th in "this 

phase , and grmd ng from the i ron i n-rerface. At severa I spots a I ong 

the una·J tacked interface very sma I i crysta I s o f regu I ar- shape 

were observed growing from the iron. 

The ag itated sample exhibited the same character . Howeve r , 

See Table X 
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the appearance of smal I crysta ls fo rmed along the unattacked inter­

face was more frequent . In general they we re di fficu lt to detect 

because they are coloured nea rly the same s hade as iron. 

Bath I !: The majo r part of t he intnrface wa s found to be even an d wi thou t 

any intermedi ate phases present. The regions of attack on the iron 

by a spongy grey phase hav ing a burst -1 ike shape were less fre ­

quent tha n for the previous bath. The nu mbe r of regula r crysta ls 

was agai n found to be very I imited . Some of them appeared to be 

separa ted from the i ron , wi thout any attack below them . 

The stirred sample exhi b i ted the same basic charade ristics , but 

the outbursts of spongy grey phase v1ere I ess frequen t tha n in 

t he ba t h without st irri ng. The tendency of the regu la r crysta ls 

to fl ake off was rnore pronounced and some appeared to float in 

the Zn overlay . 

Bath I II: The ent ire i rrterface was found t o have an even appearance 

vii th no i nterrne d i ate phases apparent , and no outbursts of the spongy 

grey phase. At severa I spo·rs the I i ne of the interface was 

observed to be slightly uneve n and he re aga in regu lar crystal s 

growl ng di r-ecti y from the iron \'/ere ident ified. The agitated 

sarnp I e had the same fea t ur-es , but the re gu I a r crysta Is were aga in 

more ofte n separated frorn the inter face while rema ining close ly 

attached to the interface . The detached crysta l s were easier to 

i de nt i fy becau se of th i s I l ght b lue-grey shade. 
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Bath IV: The situation 1vas i dentical w1th i"he sample from the pr evious 

bath for both the · static and agitated specimen , 

Bath V: These samples exh ibi ted the same structure as i'hose from the 

previous bath. The li ne of the inter face was apparent with a 

few sma I I r egu I a r crysta Is growl ng from the iron: 

(b) Immersion T i me I Minute 

Bath I : The interface had a more uneven appea rance but no attack was ob­

served a f ong the rnRjor part of tt1e interface . The outbursts 

of spongy grey phase were more pronounced and they con ta ined 

darker sh ade and grev1 from the in terface with iron. The 

ag itated sample exhibited the same princ ipa l features as the 

static one. 

Bath II: The structure was very sim ilar to that in the prev iollS samp l e . 

The outbursts of spongy grey phase were less extens ive than for 

Bath I • The region of grovJth of regu I ar c r ysta Is were more 

ex t ens ive wi t h better deve loped crysta l s than in Bath I. The 

stirred sample posse ssed the sarne structure but the outbursts 

o f spongy grey phase were l ess frequent than for the bath without 

sti r ring. 

AI I the character·i st i cs of i ntermeta I I i c phase deve I opment 

thus far· descr ibed can be observed in Figure 2 1. Going from the right s ide 
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we can see an uneven interface due apparently to the growth of a phase region 

of re gu l a r crystals (1), followed by a region of attack by a spongy grey 

phase (2 ) penetrat ing be l ov.• the unattacked interface. At the in terface 

of this pha se '"ith iron i"he nucleus of another phase growing from iron ( 3) 

i s observed . The origina l aven inte rface follows with a f_ew r egular 

crysta l s near ly separated but sti I I closely attached to the or iginal inter­

f ace. The section ends on ; ·he left with an outbur st of a spongy phase. 

Bath I I I : The interface again had an even appearance. No outbursts of gr~ey 

spongy phase were detected. The regions of growth of the blue­

grey phase were st i I I I imited in numbe r but when present were 

I arqer and more eas i I v detectab I e ~ often being detached from the 

interface , The agitated sample exhibiied simi Jar character i stics . 

However , the regions of the blue-grey phase were found to be more 

extensive . 

Bath IV: The static as we i I as agitated sample exh ibited the same features 

as the samp l es of Bath I I I. 

Bath V: The ch aracteristic feature of both samp les, as compared to those 

from Bath IV , was the appearance of the interface. A continuous 

uneven layer hav ing a cl ear blue-grey shade covei-ed nearly the 

ent i re interface . 
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(c) Immersion Time 3 Minutes 

Bath I : The structure exhibited the same basic features as that produced 

by an immers ion time of I minute in Ba-th I, Ho1vever , the grey 

spongy phase formed a continuous layer covering t he in terface 

nearly completely , The regions wi th blue-grey phase crystals 

\'iere very I irni·t-ed in occurrence as were regions of the 

in terface withou t any intermed iate phases present . The 

agitated sample exhibited the same features as the static 

sample , but the regions \vith no attack \<Jere more extensive. 

iJaTh II : 1n1s sarnp1e nad a s1m11al- sTruc-T-ure as Tha ·i- rrom Gai-n 1, ouT 

the outbur-sts of grey spongy phase were less extens ive and clearly 

exh ibi ted a laye r of another phase growing from the iron inter­

face , Regions with ttoe blue-grey phase were more extensive than 

for Bath I. The crysta ls were better developed , showing a strong 

tendency to pee l oft the iron . 

The same situation as tor the static sample ex isted , but the 

blue-grey crysta ls grow in g from the iron interface ha d a more 

pronounced blue appearance and were ·thus more read ily distinguish­

able from the iron. 

These latter· structur-es are Illustrated in Figure 22. Go ing 

fran the right there is the even unattacked interface between iron and z inc 

\'dth severn ! small blue-grey crysta ls growi ng from i r on (J ), This region 



i s followed by an outb urst of the grey spongy phase (2) penetrating into 

the iron and exhi bi t i ng ~ layer of another darker phase (3), formed at 

·the i nterface with iron. 

Bath I I I: The major part of the interface had an even appearance without 

any i ntermed iate phase and no attack apparent . At seve ra l spots 

the growth of a blue-grey phase was detected having a very uneven 

thickness. At some of t hese spots the nu cle i of a dark grey 

phase were observed. This phase , in contrast to that in 

Fig ure 22, did not exl ibit any nu c le i of another phase ai· the 

iron interface . it \•las always found to be formed adjacent to 

TL- - •.t... _ .-1.. -.J ··- --- 1 ~ L.. .-.~1 ..L.i--
1 II<:' ay I I 01 o::;; u ::>OIII IJ IC IIOU I IIC 

s ame basic features as the stati c one but wit h less frequent 

occu rrence of nucl e i of the dark grey phase. The reg ions of 

growth of the b I ue-gr·ey phase were fou nd to be more extens i.ve 

than for the static sample, apparent ly at the expense of inter-

face reg ions wit hou ·r any observab le intermediate phase . This 

stage i s i I I ustrated in Fi gure 23 . Towards the ri ght the even 

line of the origina l interface is followed by an outburst of 

blue-grey phase and the n by a nucleus of a compact grey phase 

penet rat ing into the i ron. 

Bath IV: There was no grey attackin g ph ase deteci·ed within this samp le. 

The amou nt of even i nterface withou t observable intermediate 

phases was st i I I qu i te extensive, but the regions of the blue-

grey I ayer v;ere more frequent than for Bath I II • Thi s I aye r was 



Bath V: 

76 

of highly variable thickness extend ing deeper into the iron 

when growth t~wards the zinc occurred. The agitated sample had 

nearly the entire interface covered by an uneven layer of blue-

grey phase with few r-emnants 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). 

The compact layer of blue-grey phase formed along the entire 

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

the ext~nsive growth of this layer. The agitate d sample ex~ibl ted 

:~ ...... -+:- .... 1 """""'-- - -""---~--'- !'-.-
' UVtr I I -.....of \...oliO t 0\.... I C: I I ~I I \..,..:::> • 

(d) lrrrners lon Time IO :Minutes 

Bath I: The entire interface of this sample was covered with a grey spongy 

phase of varying thickness . Exten s ive regions of th is ph ~se 

were of excessive thickness and had very unstable interfaces with 

both t he z in c and the mother phase layer at the iron interface. 

Sma I I regions of the i ntertace were covered with a very thin 

grey phase, usual ly 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 I I: The static and agitated samples of th is bath exh ibi ted the same 

structural features as the static and ag i tated samples, respec-
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tively, produced from Bath I . 

Bath I I I: This sample developed a thick continuous layer of dark-gre y 

phase a long the ent i re i nterface . No other pha se was deteci·ed 

wi hin t hi s phase a long the i ron interface . Blya - gre y phase 

particles were observed being attacked at the unstable in ter face 

of th i s phase wi t h the z inc. 

The ag itated samp le , on the other hand, st i I I exhib i ted 

extens i ve regions of the blue- grey phase layer. However, t he re 

were also frequent reg ions of dark grey s ingle phase . Thi s 

ph ase apparent I y gt-ew at the expense of the b I ue-gre y phase. 

ac-t"u c3 11y se r nri'ltino this Inver from i ron as ill ustrated at 

Points (f) in Figures 25 and 26. 

Bat h I V: The ent i re in terface of this sample was covere d wi i·h a r a·rhe r 

loose layer of the blue-grey phase. Frequently, this laye r 

spontaneously pee led oft (see Figure 27) perha ps via the 

volume expansion associated with the undergrowth of the da rk 

grey phase (as prev iousl y i I lustrated in Figure 26). At the 

regi ons where the peeling took pl ace a formation of the da rk 

grey phase (I) penetrating into iron was sometimes detected at 

the fres hly forme d interface. The agi t at ed samp le exh ibi ted 

only a continuous layer of blue-grey phase which had spontaneously 

pee I ed off. The number of grey ph ase nuclei was much reduce d as 

compared to i·he static samp I e . 
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Bath Y: This s amp le exh ibi t e d only a layer of the blue-grey phase. The 

layer was mai~ly even and compact but at se veral locat ions excessive 

groiVth towards the z inc was detected. The latter feature is 

i II ustrat e d i n Fi gure 28 . The agitated specimen had the same 

stru~ture as the stat ic one. 

(e ) Imme r s ion Ti me 30 Mi nutes 

The phases produced for th is t ime in Bat hs I, I!, and I I I 

exhib ited the charact e ristic fea tu res of Fi gure 29 . f"'long the enti re 

inte r f ace a con tinuous laye r o f grey phase wa s observed nea r t he base 

, , ; .;.., h __ ,Pr-+-.. ! .-.. r-...1- ~·., ""'+ h ...... - ..... h-'1!""' ~ + ( l \ T ~ - &~ ~-- ~ ~h-~ " 
,. ' , . , ~· I ~ ' ~. - " • -··- . ··-· ..... ~ ........ - . . ' . " . .. ........ . - · ... _.., t-'''""' .... -

lying bet ween t he crystals (I ) exh i b i ted an unstable interface when in 

contact with z inc. This feature is ill ustrated in Figure 30 and shows the 

top part o f the s t ructure (as ind icated by dashed li ne i n Figure 29). 

Bath IV : The majo r pa rt of t he interface \~as covered by a moderate I y 

th ick grey phase . However , there were sti II regions with only 

the laye r of blue - grey phase present , wh ich occasionally flaked 

away. The ag itated sampl e had the in terface covered mainly with 

a continuous layer of t he blue-grey phase. However, frequent 

outbu rsts of dark gr·ey phase were read i I y observab I e, as i II ustra -

ted i n Figure 31. 
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Bath V: Both samp les trom i'his bath exhib ited on ly the cont inuous layer of 

the blue-grey •phase having a loose appearan ce throughout. No 

other phase was detected . 

The detailed metal log raphic exam ination of galvanized samples 

described above enab led us to observe the nucleation and growth of a th us-

tar uni de ntified bl ue-g rey intermetall ic phase. At early stages of the 

process this layer was not th i ck enough to permit utilizat ion of electron 

probe microanalysis, but 'iith increasing aluminum contents and time , its 

growth finally yielded a sutf icieni· thickness, as demonstrated at loca-t·ion (2) 

in Figure 27. · he m i croana I ys is of t'he b I ue-grey i ntermeta II i c phase 

f ,. I ..... .., e I ! I I ' 4 I ...L ~ • T . . l. I_ \1 l ,, 

\..U IIt:>:::>fJUli U I I I!:::J IU r · I!:::J Uft~ L./ )' t '·;out:U Ill'-' I C .")UI I::> ~I <;> II Ill " -' '-" '' 1\l '• 

Al ong vtith the me t a ll ography this result served to unique ly 

identify the blue -grey phase as z i nc-bearing Fe2A15 as discus sed in Section 6 , 

The dark - grey phase and i·he grey spongy phase , wh i ch often ap pea red, •,;ere 

metallographica !ly identified as o
1 

and f. phases, as discus sed in Section 6. 

5.3 X- Ray Di ffraction Analysis of Galvanized Samp les 

Since the ga lvan ized samp les produced with ag i tation generally 

exhibi t ed thicke r and more oven ly deve loped region s or layers of the blue-

grey i ntermeta IIi c phase , a II these samp I es were s ubjected to diffraction 

analysis, For ccxnpar i son , d i tfract ion pat terns wer-e obta ined for· three 

powde red binary phases using ident ical test conditions as described in 

Section 4. 3.~5 . Al l the results of i·he diffraction analysis are given in 

Appendix c. Table C.l to C.2 7. 
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TABLE XIV 

t~lcroanalysis Data and Resu lts for Blue-Grey lni'ennetall ic Phase Sho~<m 
· i n Figure 27 

. ~ . 1 Raw ·I nten s i t y of Pure El ernents (counts/sAc ) 

__ ~-·~~---~,_,~~- Zn 

~F~ 
~=----~ 

* AI conten t obta ined by differ-ence 
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CHAPTER Vi 

DISCUSS ION 

The e>~perimenta l resu lts wi I I be discussed ma inly from the 

point-of-view of t he inhibiting mechanism causing vari ati ons in the growth 

kinetics of the intermediate phases on i ron in aluminum-bearing zinc baths 

at 450°C . First, the results of the constitutional expe riments will be 

re lated to the X- ray ana lys i s and meta llographic observat ions of galvanized 

specimens t o provide a base for discuss ion of the inhibiting mech an i sm , 

6 .I Const it ution a I Exper]~~-~_!~-

The constitut ional exper imeni·s were undertaken to gain bas ic 

data perta ining to the 450°C isot herm of the Fe-Zn-AI system, 

~ The Liqui dus Line in the Zinc-Rich Corner 

Recognition of the ef fect of i ron in the bath on inhibi ting 

t . h d I d d ll B bl ·t'22 •23 ) . t • ... d ih . h·b·t· ac 1 on , as eve ope gra ua y. a 1 1 nves 1 ga 1 e · e 1 n 1 1 1 ng 

effect of a l uminum cover ing a wide range of tempe r atures and a luminum 

contents , ma inly unde r cond i t ions of i ron saturation de fined by dross 

formati on . 
( 2/f) 

Hughes exami ned the effect of alumi num addit ions up 

to 1. 5 percent by weight at va rious t emperatures. The z inc baths were 

prepared fr·om pu re zinc wi ·rhout furt he r spec ification of iron content. 

( 26 ) 
Hau ghton f i rst drew atten tion to ihe role of iron in conjunction with 

81 
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-the aluminum addi-tions to the zinc bath. It was demonstrated that an increasin£ 

amount of i r on in an aluminum-bearing zinc bath favours more rapid growth 

(27 28) (29) 
rates of the inhibi t ing layer •. Horstmann ' and Cameron also 

cons i dered the effect of iron i n the i r i nvestigations. H01ve ve r, the i r 

i ron-saturuted bath was def i ned e i ther from the i ron-zinc b i na ry diagram or 

through dr oss-saturation. 
. ( 30) 

Borz r I lo and Hahn , in examining growth of 

the inhibi t ing aluminum-r ich alloy layer, worked with low and medium iron 

contents re ferring again to the so l ubi I ity in ir~on-zinc binary systems. 

The inhibiting aluminum-rich alloy layer was found to grow parabolically with 

immersion t i me, the rate of i t s growth being affected by t em pe r ature 

and t he a l um l num : iron ratio o f the bath . At temperatures of 450° C and 

470°C. hi ghe r r at ios fa voured slowe r growth rate c; (')f t-h i c; I r~ \IP. r . 
I • 

In the present v10rk v1e undertook t o produce t he ga l van i zed 

samples in a zinc bath saturated 1vith iron. This condition, besides 

approaching closely to the pract i cal situati on , al so eli minates the iron 

content as a free variable. At the same time , a relatively thick aluminum-

rich ai loy layer, mor~e suitable for sub sequent analysis, is formed. 

The saturation condi t ions are defined by the ternary phase diagram. 

C donnay ( 24 ) ·rnthe·rr I f t tt· ameron an proposa o a en a 1ve 

Fe-Zn-AI isothe rm ~t 450°C suggested that increas ing the a I umi num content 

decreases the iron solubility in zinc, as ill ustrated in Figure 8. To 

verify this proposition the experiments of Sec-tion 4.2.1 were adopted, and 

the methodology was checked first on the binary Fe-Zn system . This yielded 

the sat urat ion concent r ation of iron in z inc as 0.029 wt .%, in good 

a1reoment vd th pu b li shed data . l\ second po int on the terna r~y liqu i dus li ne 

was dete rrn i ned as an average from h vo I ong ti me experi ments wherein the 
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equi I ibri um point was approached from below and above saturation . The 

two results obtained <Table XIII) show good cons istancy, suggesting the 

average po int on the I iquidus I ine to be a rei iable one. This poin t has 

the co-ordinate 0.030 + 0.0005 wt.% at 0. 21 + 0.005 wt.% AI. 

The r esu lt indicates that , contrary to the claim of Cameron 

and Ormay, the iron solub ili ty in zinc at 450°C is constant, or slightly 

increas i ng with increas ing aluminum content. For subsequent preparat ion 

of zinc baths 1'1e approximated the iron so I ubi I i ty curve by a straight I i ne 

whose s lope is defined by the t wo measured poi nts. 

Figure 32 shows our mod i f icat ion of the z inc corner of the 450°C 

i sotherm of the Fe-Zn-Ai system . The li mi-t-ing tie- li nes for the£; phase 

are drawn to agree wli"h Came ron and Onnay's po int at 0.07 wt .% AI on the 

iron sol ubi I i ty . I i ne . The correspond ing point for the &, phase 
I 

has been displaced towards 0.1 I vrt .% AI as suggested by our own resul t s. 

Referring to our linearized iron solubility Ne may conclude that the zinc 

Bath I to IV used in the dipping experiments (see Table X) were by design 

very close to iron saturation. For Bath V we tailed to achieve a cont rolled 

saturation poi nt so we must des i gnate it, with other authors, as dross-

saturated. 

6.1 . 2 Constitutional Exper iments on the In teractions of Fe AI Binary 
Compou nds an d Z inc ut 450°C n m 

The meta ll ographic examinat ion and electron probe microanalysis 

ot samples contain in g ph ase equilibria betl'leen Fe AI compounds and liqu id n m 

zinc have establi shed some important consti tut ional relati ons on the 450°C 
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i sotherm of the Fe-Zn-AI system. As previously indicated electron probe 

microanal ysis of these samples presented a problem due to the excessive 
. 

absorpt ion of the a l uminum characterist ic radiation. Nonethe less, pre! i mi -

nary tests at different accelerat ion vofi·ages summa rized in Table XII 

enabled us to se l ect t hat acce leration voltage ( 18 keV) wh ich yielded 

theoret i cally corrected compositions close to the chem ical composit i ons of 

the pr-epared compounds. 

Referring t o Table XII we see that tor the iron content there 

was an error of + 5 percent of the amount present. The upper and l01~er 

limits of the err-or are associated with the i ron content of the binary 

ph ase Fe
2

Ar
5 

and the alum inum bearing o
1 

phase , respectively. The results 

ob t ained for the binar·y phases t; and o
1 

\'/ere a l so accompanied by errors 

approaching 5% • 

The measurements on phases FeAI , FeAt 2 , FeA I
3 

and zinc bea r i ng 

Fe
2

At
5 

yiel ded results within a stan dard experimental error:_ 2 .2 perce nt . 

From these observations we have estimated that for the analysis of tarnary 

unknowns t he accu r·acy wi II be better t han 5% of the amounts of the two major 

const i tuents present and 5% of the Zn present 1-1hen it is the minor consi"i-

tuent . When AI is the minor constituent i ts error wi II obv i ousl y be much 

hi gher . The microstructure formed in the sample Fe-AI-Zn, as illustrated 

in Figure 14, identifies two phase equilibr i a between the phase pai rs 

FeAI-Fe2AI 5 , Fe2td
5
-o

1 
and o

1
-Zn, and t~ree ph ase equil ibria between 

the triplets FeAI-Fe2At5-o
1 

and Fe
2

At
5
-o

1
- Zn . The dispersion in the l atte r 

cases were such as to prevent mi croprobe analysis of appropriate tripl e 

points . However , i t is ci ea r from the micrograph that the two t1'1o-phase 

pairs FeAI-Fe2AI 5 and Fe2At 5-o
1 

must rather closely define the first o f t he 
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three-phase triungl es . The results of electron pr·obe micr oana lysis 

given in Table B.l as compar-ed wi t h the compos itions of the prep ar-e d 
. 

standar-ds permitted us to i dentif y the phases present as specified 

above. 

The mi c rostr-ucture of the samp le Fei\1-Zn(AI) exhibited the same 

types of two-phase equilibrium as the prev ious samp l e. In add i tion , 

a measureable three-phase equi li br ium was obta ined as illustrated in 

Figure 15 . The results of mi croprobe analysis of a correspond ing tr ip le 

point (Table 8.2) provide data on the three ~p hase t riang l e between Zn , 

alum i num--bearing .s
1 

and zinc-bear ing Fe
2

J1.1
5 

phases. The composition in 

the zinc corner was not determined s ince the adopted method did not yield 

reI i ab I e r esu Its for· such I ow r:oncentrat ions of i ron and a I um i num. 

The three-phase equ! I ibr~ i um be·rween the above-ment ioned phases 

was al so con stituted in the samp les FeAI
2

- Zn and Fezl'd
5

-Zn, as illustrated 

in Fi gures 16 and 18 , respectively. (Fo r the microprobe results see 

Tab l es 8 , 3 and 8.5). 

The heat treat men·t of the sample Fe!>,I
2

-Zn l ed to complete 

transformation of the original FeAI
2 

t o the three phase mixture ( see 

Figure r6), v1he r-c~as r emnants ot i he FeAI
2 

phase were detect ed i n the 

st ructure of the samp le FeA1
2

-Zn(AI) , and -the major part of the structure 

here consisted of a da rk gray ph ase { Fe
2

AI
5

> having some regu la r 

and some i r regui <Jr shapes in tv1o - pha se equ ll i br i um \~i t h Zn, as shown in 

Figure 17. The compos ition of these i"v1o Fe2AI
5 

morphologies at the 

i nterfuce vti th zinc \'/ere d i Her·ent, suggest! ng that they correspond to 

differ·ent t ie-li nes in the sa1ne i"wo··phaso f i eid. The z i nc , in particular, 

\'las found to va ry fr-om 4, 90 wt . % to 11 .53 w .% (see Tab l e 8 . 4) , ind icating . 
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as we I I that I ong range equ iIi bri um was not atta ined in the samp I e. The 

foregoing observat i ons on the Fef\ 1 and FeAI
2 

samples make quite clear that 

t he l atter compound is not stable in contact with zinc and that when i mmersed 

it rapidl y undergoes a transformat ion vi a the zinc-bearing Fe2AI 5 pha se . 

A s imil ar strong attack was obser·ved for the sample Fe2A15-

Zn(AI). There t!1e conglomerates of blue-grey ph ase fo rmed ( Figure 19) 

were ident ifi ed as z inc-bearing Fe
2

AI
5 

phase (see Table 8 .6) . Th us 

the strong attack can be attribui·ed so lely t o so lution of z i nc in the orig inal 

binary Fe2AI 5 phase. 

Ne i ther sample for the Fet;l
3 

binary compound yie lded con c lusive 

resu lts· because of a heav i ly d<~maged interfcv·o between the compound and 

., j rt r~ 1 1 • I - r- - 1\ I 
I lie ~0111p I t:: I Uri I 7 -

Zn(AI) were observed and indi cated t hat the attack of z inc on th i s 

compound is very much slower than in a case of the Fe/.1
5 

phase . The limited 

attack takes place through fo rmation of a narrow I iquid-penetrated layer 

( see Figu re 20) at the interface. Th is layer~ was identified <Table 8.7) 

as zinc-bear i ng FeA I
3 

phase . 

The phase relat i ons , based on the foregoing metal !agraphic 

examinati ons can be surnmar·i zed as fo llows. The phases Fe
2

At
5 

and FeA i
3 

equi I ibrate with z inc at 450°C by dissolving 14 wt.% and 7wt . % of zinc, 

respective ly. The z inc-bearing Fe
2

At
5 

phase forms a th ree-phase 

equilibrium with zinc-bearing FeA I and an alum inum-bearing 5
1 

phase. 

The zinc-bearing FoAl phase a l so forms a t wo-phase equi I ibrium loJith the 

aluminum-bea ring 6 1 phase . The rap id attack of zinc on the FeAI
2 

phase 

suggests that i'he stabi l ity range of this phase is confined to ve ry lovt 

z inc va lues. 
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The quantitative data presented in Table s B. l to 8.7 are 

conveniently summa rized in 'Table XV for applicat ion to a construction ot 

the Fe-Zn-AI isotherm at 450°C, as shown in Figure 33. 

The iron-rich corner· of the di agram along with the region near the 

FeA I
2 

ph ase has only a qua litative charactct~ since i t i s constructed from 

I imiting 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 equi I ibrium between the zinc-

bearing Fe
2

At
5 

phase, aluminum-bearing o
1 

phase and zinc have been 

established quantitati ve ly. This part of the isotherm wi I I be found later 

to be of a crucial importance in relation to the i nhibiting action of 

aluminum in the zinc bath. 

Our resuli"s finally remove al l unC\:lrTainTi es conne cTea wnn Tne 

existence of the ternary compound identified originally by Hughes '
24

•25 ) 

'vie see that this supposed compound located in Cameron and Or·may's i sotherm 

of Figure 7 is actually an extension into the isotherm of the binary Fe
2

AI
5 

phase, the latte r dissolving up to 14 wt. % of z inc. Similar ly, the FeAI
3 

phase extends to a depth of approximately 7 wt.% of zinc . 

Having established the significant tie-lines and points for the 

a lumin um-bearing 6~ phase, (Table XV and Figure 33) we have adopted 

Cameron and Ormay's proposal for the z inc-ri ch corner with the following 

modifications (see Fi gure 32). As we demonst rated experimental ly in 

Section 5.1, the binary iron solubility 0.029 wt.% increases·sl ightly with 

increas ing alum inum content of the zinc. The corner of the three pha se 

... . 0 07 i d ( 29 ) 1r1ange t,:-6
1
- zn i s reta ined as being at • , w· . ;o AI • The corner 

of a three-phase tr·iangle, zinc-beari ng Fe
2

At
5

-6
1
-zn, hus been displ aced 



TAB LE XV 

Compil ati on of Electron ~Aicroprobe Data 
0 fo r the 45 0 C I sothe rm of the Fe-Zn-AI System 

88 

- •a.~ 

Type o f Tie-Lines 

' 
"""'..,.,., 

Three-phase equ iI i -
brium beh1een Fe2Ai 5 , 
(f..) ' o 1 <E) and FeAI 
(G) 

Av. I 
Zn-beari ng Fe~~ ~5(A) . . . 

~ A 1 - oear 1 no o t \ t. J 

Zn -bearing FeAl (G) 

Two-phase · equ i I i­
bri um between Fe2AI5 · 
and Zinc 

Av. 
Zn-bearing FezAisCC) 

r·~easu re d on 
Samp l e 

FeAI-Zn 

Fef\ I -ZnA I 

FeA I -Zn ( AI) 
FeAiz - Zn 
Fe2Ais - ZnCAI) 

Three-phase equi li - FeAI-Zn ( Ai ) 
brium between Fe2AI5CB) 

AI 

18. 89'* 

43.73* 
? 1'"\.lL 
J . '"+-'- .. 

18. 89* 

46.09* 

Composi t i on ( 1vt.%) 

. 
Fe 

43.09 
8.23 

69 , 07 

42.27 
42. 32 

8.47 

42, 89+ 1% 
" -, r---;-, .'11 
0, . l.'"r' I fJ 

69 .07+2% 

40.28 
40.10 
40 .• 52 

Zn 

12.80 
88 .1 5 
12,04 

!3 .66 
13.68 
88 . 31 

l l ~ ·~~~! ~ 
!l UU , .f.. ...1 r· l p 

112 .04:l'_2% 

13 . 87 
12 . 43 
12.14 

40,30+2 . 5% 12.81+1 % 

41.25 14 .51 
8,32 87,79 

-o1<F> and z inc ~ Un reI i ab I e r esu Its 

i Fe/\lz-Zn 41.50 J 13.85 
I 8.5s 89 .1 7 

I Unreliab le resul t s 

FezAis-Zn 41.95 r 13.95 

I 7, 47 89 .45 
. Unre l iab le results 

Av . ~-
Zn - bea ri ng FezA i s <B·) 44 . 34* 41 .56:_2 .5% 14 , 10!_1% 
Al- beari ng o1 ( f ) 2,92* 8 ,28+0 . 5% 88 .80+2% 

Unr e liab le r·esul ts J 
._--------~-----~--~-----·~~~~~------------~~~---

I 
I 



Table XV (continued ) 
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- .. -==;: -
Type of Tie-Li ne ~~easu red on Composition (wt.%) 

Samp le . 
AI Fe Zn 

Two-phase equ i II- FeAI 3-Zn(AI) 43,98* 39 , 44+2% 6,58+1% 
br i um between - -
FeAI 3<0) and zinc 

* AI content obta ined by difference , 
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to 0.11 wt .% AI as suggested by our X-ray anal ysis of galvanized s pecime ns 

(see Section 6.2 below ). The upper I im iting tie-line of the t wo-phase 

region Fe
2

AI
5

-Zn remains uncertain but the existence of an equ i I i br ium 

between Fe2AI 5 and Zn <I . 71 wt.% AI) shows c lear ly that t he I ,70 wt. % 

AI value is a lower l imit for th i s set o f tie - l i nes . The li mi t i ng t ie -

line of the two-phase field in contact with Fe AI 3 can be inferred from the 

Zn-AI binary di agram and takes the va lue 16 wt.% AI. 

The 400°C and 500°C Fe-Zn-AI isotherms recent ly publ i shed · by 

K •• t d G•'d k ( 62 ) · I · t t' t ' th It a~ 4"0°C' os er an o ec e are 1n qua 1 ·a 1ve agreemen WI our resu s • J , 

with a sing le · exce pt ion . We did not, in cont rast to the ir observations, 

i dentify an i so lated 6 phase f ie l d above the o1 phase fie ld near the 

z inc corner of the d i a gram~ although our 6, f ie ld (Fi qure 33) actually 
I . 

includes the area attri buted by those aut hors to o, 

6.2 X-ray Ana lysis an d Meta l !agrap hic Examination 

The metal lographic observat ion s of _the ga lvanized samples 

revea le d the presence o f phases previously described by Bab l ik( 22 , 23 ) 

( 24) ( 26 ) (27 28) 0 (29) 
Hughes , Haug hton , Horstmann ' , Cameron and rmay and 

. ( 30 ) Borz 1 I I o an d Hahn • Thus the iron-zinc compounds cou I d be read i I y 

identified by referring to the pre vious investigations and to the consti-

tutional data gained in the present work , 

The microstructure developed in iron-saturated , aluminum-

bearing zinc baths exhib i ted the fol lowi ng t ypes of structures : 
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(a) Outbur-sts of a gr·ey spongy phase containing a second phase wh ich 

nucl eates at the iron interface , as illustrated in Figures 21 and 22. 

' The phase at the iron i nterface (3) nucleated within a short time and 

grew rapidly in thickness along the the ori g i na l phase (2), This latter 

phase was fo rmed only in baths conta ini ng 0 . 1 I and 0 ,15 wt. % AI. The 

nucl eation and gro1·1th was suppr~essed by hi gher aluminum contents and 

agitation , the time of immersion having the inverse affect. This structure 

was i dentified as aluminum-bearing ~ with an occluded aluminum-bearing 6
1 

phase at the i ron interface. 

( b) A. grey phase hav ing a canpact appea r an ce when nucleated (I) (f igures 

23 and 25 ) and contacting at late r stages a very thin layer of anothe r 

ph ase which has nucleated at the ir·on interface (I ) (figure 26} . While 

the former phase , following nucl eat ion, grev1 with time, the latte r ma intained 

an essentially fixed thickness, being hardly detectable. The phase (I) 

( figures 23 and 25 ) was detected at-the higher aluminum contents (0 ,22% 

and 0 , 32%> and its nucl eat ion and growth was retarded by eve n higher 

aluminum conten ts and agitat ion. Long immersion times faci I itated nuclea -

t ion of this phase. Once nucleated, this ph ase grew rapidly toward the 

i ron and the zinc,simultaneously extending s i deways alon g the iron-zinc 

interface , These characi"eristics help us to ident i ty the bu l k grey phase 

as a luminum-bear i ng 6
1
-phase with r be ing formed at the iron i nterface. 

(c) The structure formed at early t imes as an optically unob se rvable ti lm* 

~ In a subsid ia ry exper ime nt not reported he re we have s uccee ded in s tripping 
and identifying this earl y s-tage film and found it to have th i ckness of 
"'0 . 25 rnicr·on. 



92 

at ·rhe i r on-z i nc in te r face drew most of our at t enti on. Increasing the a l -

urninum cont ent , ag i tation and dipping t ime favoured furthe r growt h of 

this struct ure, f i rstly by formation of ove ral I semi-detached cr ystals 

at the i nter f ace (I ) (Fi gu res 2 1 and 22) , and which wi t h higher aluminum 

contents and I onge r di pp i ng times tended to grow and form _outbursts (2 ) 

(Figures 23 and 25) or rough continuous l ayers of mea su ra ble t h ickness (I) 

(Figu r~e 24). The latter mode was favour ed by highe r a luminum contents i n 

the bat h leading with the hi ghest values to formation of a thlck layer 

v1h i ch I at e r broke away from i r on ( Fi gure 27) • 

Character i st ic of t his structure was the diffi cul t y of d i st i ngu i shins 

i t mc·J·a l l ogr aphi cal l y f rom t he base meta l s ince t here 1.;as no apparent 

in terface between t he stru ctu r e and i r on , The phase gre w predom inantly to-

war ds the z inc, exhi biti ng a discern i b l e penet r at i on o f the i ron on ly 

below pronounced outbursts, 

The e l ectron probe microana l ysi s carri ed out on a we i 1-

developed aluminum-rich alloy layer, shown in Figu r e 27, identified that 

the bul k of t hi s phase consi sts of the z inc bear in g Fe2A1- pha se. We wi sh - ) 

to emph as i ze, ho\.;e ver , thai· t his resul t , presen t ed in Table XIV, shoul d 

be conside red Ni i"h some reservations. The surface diffraction experi-

ments clearly in d icat ed the presence in the struct ure of other iron-

aluminum phases, 

The resu Its of X·· r ay ana I ys is of the i nte rmeta IIi c phases formed 

on sampl es galvani zed in aluminum-bea ring zinc by othe r- authors provides 

very va l uabl e informat ion, hut ar e by no means systematic, t hus often l eading 

i + . I I . H h ( 25 ) . I . h . I I th . t ·o con1 r·overs t a cone us 1ons . ug es , tn ana ys tng c emtca y e 111 er-

meta l I ic l ayer f ormed in a z inc bath conta ining 15% AI, disclosed its 
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ternary ch a racter. He also postu l ated that he alum inum in thi s layer 

(26) 
was present as the FeAI

3 
phase. Haughton , using the X-ray powde r 

. 
method, i dentif ied the inhibit.ing layer formed on speci mens ga lvan i zed in 

z inc baths contain ing 0.10 wt.% AI as the Fe
2

AI
5 

pha se. Horstmann(
27

) 

ldent i f i ed the pr esence of t he ph ases Fe~AI ~=: an d FeAI on sampl es prepared 
L ;;J 

in a 0.5% Al-zinc bath, using a surface diffract ion method. In addition 

a number of unidentified I i nes were recorded by Horstma nn and these were 

ascribed to two unknown ternary compounds. Came ron and Orma/
29

) i den ti tied 

Fe2AI 5 in the surface layer without referring to the aluminum content of 

the bath . Fina l ly, Borz i llo and Hahn( 30) , using surface X-ray analysis 

on specimens prepared in 0.2 and 0, 3 wt.% AI z inc bath s, ident ifi ed the 

Fe2AI 5 ph ase a long with some uni dentif i ed I inGs wh i ch v1e re supposed to be 

due to a particulate ternary blue-grey phase. 

From all the available data it wa s ev ident t hat to arrive at 

conclusive r esul ts systemat i c X-ray analys i s would have to be under ake n. 

Thus, a surface diffract i on study was carried out on samp les prepared under 

care fully de fined conditions for the format i on an d grov1th of t he inhi bit ing 

a I I oy I aye r . 

In the follmling paragraphs we present a c r iti ca l discussion 

of the basic X-ray data on which our study must be based . A number of 

unidentifi ed lines have previously appea red in published work and the 

pos s i b i I i ty that some of i ·hem are due to the phase FeA 1
2 

cannot be 

excluded, The crystallograph ic data tor thi s phase are not in the ASTM 

X-ray Diffraction Data File. Our d-spacings tor FeA I
2 

and the ir intensit ies, 

( 91 ) 
us g iven i n Table C. I , support the proposa l of Brad l ey and Taylor that 

the diffraction pattern of this phase is i·oo complicated t o be ai·t ributed 

( 8) 
to the simpl e rhombohed r-a l structure proposed by Osawa • The presence 
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0 

of l ines with d-spac i ngs 2~050 and 2. 11 A in our FeAI 2 diffraction pattern 

needs discussion since qoth also represent principal I i nes tor the Fe2AI 5 

phase. I t cannot be decided tor sure at this time whether these two I ines 

perta in to the actual patte rn of FeAI 2 or result from a smal I amount of 

Fei'\ t 
5 

con tam i nation . 

The d-sp ~cings obta i ned in our exam inat ion of phase Fe2At 5 

<Tab le C,2) are ,, i n most cases, ident ical with those reported in the 

ASTM X-ray Data Fi l e . It shou I d be noted tha t the I i ne g iven in the AST\vl 
0 

File by the d-spaclng 3,86 A was found by us to be displaced to a h!gher 
0 

ang l e of ref lection (d = 3,809 A). A sirni lar displ acement , but l mver in 

absol ute value , was detected fo 
0 

the I i ne glven in i·he ASTM Fl !e tor 
0 

d- soac ina 2.39 ,0... \CJIIr n~cordGc.i vaiue = d 
(27) 

!-iur :-:, i rrratti"• 

0 0 

also reported Fe2AI 5 phase l ines wi t h d-spacings 3 , 81 A and 2 . 36 A so 
0 

the ASTM Data Fil e is obviousl y in error. The extra I ine at d = 2.102 A 

appan:mtly indicates that traces of FeA I
2 

ph ase were present i n the Fe
2

AI
5 

pI ane. 

The diffract i on pattern obta ined f or t he FeAI 3 phase as 

presented in Table C.3 exhibits very good agreement \'li th that reported 

in t he ASH.-! X-ray Data Fi l e. VIe note , hm1ever , that four reflections , 
0 

havi ng a- spacings 2 .23 , 2 .08 , 1. 98 and 1.93 A, are missing from our 

patt-ern. The rel at ive intensi t ies of the majority of recorde d r·efl ect ions 

are different . This ef f ect was expected as a consequence of the adopted 

mounTing method f or powdered speci mens, l eading 1u preferred o rientations . 
0 

The d-spacings 4.90 , 3.82 , 3 .20, 2 .05 and I , 94 A could cl ear ly be identified 

as t hose for the Fe.1 Ai r:: ph ase , indicating t races of this phase to be 
· - ::.> 

presen t in t he FeAI 
3 

standard. 
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The data obtained from surface diffraction anal ysis of galvanized 

specimens as given in Tab les C,4 to C,27, were analysed and rearranged to 

show more transparently the effect of the aluminum content of the bath and 

immers ion time on structura l changes of the inhibiting a lloy layer, The 

measured ref lect io ns could , in most cases, be pos it i ve ly ident i f ied 

through corresponding d~spacings given in the ASTM X-ray Data File or 

obtained in the pr-esent study. A strong preferr-ed orientation,generally 

developed during gro1-rth of the inhibiting alloy layer, prevented us from 

drawing any meaningfu l conclusions from a comparison of relative intens ities 

of diffraction I ines . 

The analysed resu lts of the surface diffracti on stud ies ar·e 

presented in Tables XVI t o XX in a self-explanatory manne r. We shall focus 

our attention on ove ra ll trends in the developrilent of an inhibiting 

layer, emphasizin g the points for furthe r debate. 

Table XVI demonstrates that even at low aluminum contents in 

Bath I (0,1 I wt.% AI) the interfacial nuclei of phases Fe2AI 5 and FeAJ 3 

had developed within 10 sec. With increasin g time the intensity of these 

phase I ines slightly increa sed. For times of 10 minutes very strong I ines 

of FeA1 3 were recorded along with very strong lines of zinc. On this 

sample the stripping process \'las intentionally stopped before the 

dissolving reaction ceased. Thus the traces of a zinc overlay were left 

on the interface . Even if a definite conclusion cannot be drawn from this 

single instance, the substantially increased intensities of FeAI
3 

diffraction I ines suggest that the zinc overl ay stripping solution also 

li ght ly etches t he a luminum alloy l ayer. This inte rrupted stri pp ing 

was not adopted for other spec imens since it would in general introduce 
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Compound or 
Eleme nt 

Zn 

Fe 

Fe2A 15 

FeA t3 

FeAI 2 

Unidenti fied 

(counts/sec) 
0 

d (A) 

d 

2,47 
2.308 
2.091 
I .687 

2.026 

3.86 
3 .20 

2,23 
2. 16 
2. 12 

3.828 
2. 742 
2.176 

TAELE XVI 

Summary of Analysed Surface Di ff racti on Data for Samples Produced i n Bath I 

-
I /I 10 sec I mi n 

0 I 
·-

3 min 10 mi n 30 min 

d I d I d I d I d I 

53 I 
I 2.47 700 

40 2 .306 568 
100 2.090 7700 
28 

173 100 2 ,025 2.024 3~ 

3.812 
I 

24 2 L. 

I .685 41 0 -

• 2.024 30 

I 
40 3.187 18 3.204 6 ~ 3 . 195 32 

40 2. 198 30 2.196 140 
10 2. 167 15 2.155 iOO 
40 2 . l29 2 i 2.135 178 2.133 550 

19 3.799 2L 
12 2.74 2 1 
28 2. 76 28 

6.33 40 
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diffract ion lines of iron-z inc compounds mak i ng i·he interpretat ion of the 

diffract ion patterns obta ined l ess conclusi ve , It should be also 

noted that for the I minute and 10 minute samples I ines of FeAI 2 ·phase 

we re a I so recorded . 

Sorne uncerta inty is a tached to the lines with spac ing 3 , 799 
0 

( attri bui·ed to FeA I ? ) and 2 . 196 A (attributed to Fe A I 
3

) s i nee the 
0 

listed spacings (Table XVI) are 3 .828 and 2 .23 A, respect ively. 

Increased a luminum content in Bath II (0.15 wt .% AI) produced 

an i nhibiting layer represented ( fo r· 10 sec. imme rsion t i me ) by ave y 

t hin , film at the ken-zinc interface. As i nd icated in Table XVII, th is 

layer c:.pparent l y consists of tho phases Fe
2

At
5 

c: nd FeAI3' With i ncreas ing 

t i ma of i mmers ion th is film was observed to grow slowlv: form i ng i rregu l ar 

interfaces with a sem i -detached blue grey crystal of Fe
2

AI
5

• Table XV II 

shows that dur ing this development the inhibiting layer maintains i t s 

structure. The number and in tensity of diff raction lines have increased 

reaching a maximum at 3 minutes . The results for longe r i mmersion times 

suggest that the amount of aluminum-rich phase decreases due to the ir 

trans f ormation into iron-z inc r·i ch compounds in genera I agreement wi th the 

metal !agraphi c observat ions. AI I the detected diffract ion I ines had 

d-spacings in excellent agreement with those reported in the .A.STM X-ray 

Data Fil e or obta ined in the present study. It should be noted finally 

that severa l lines that could not be assigned to known compounds have 

been recorded as ~tie I I • 

, \'Je must recal l that the microstructure of samp les galvanized in 

Bath I I I CO .22 1v1". % A I ) fo r I 0 seconds was formed main I y as a th in 

fi l rn \'l ith sma ll blue-gr ey crystals growing irregu l ar ly from the iron inter-



I 

Compound or 
Element 

Fe2At
5 

Fe 

FeAI 3 

FeAI 2 

Unidentified 

I ( counts/sec) 
0 

d(A) 

I 

TABLE XV I I 

Summa ry of Analysed Surface Diffraction Data f o r Samp les Produced in Bath' II 

--· I 10 sec I min 3 min 10 min 

d 1/.1 
0 ·~ ·~ 

,.. 

d I d d i d I 
~ 

3 .86 24 3.809 13 3.8 12 I L 3.80 55 3.809 II 
3.20 40 3.201 30 3.198 2C 3. 199 62 
I . 94 10 I . 945 I L 

I . 90 8 1. 898 10 1.890 12 

2 .026 100 2. 024 91 2.026 2: 2.023 13 

3.95 40 3.97 3( . 3.972 40 3.97 42 
3 .68 60 3 .689 16 
2.23 40 
2. 12 40 2 . 127 2'-· 2.126 70 
2. 09 100 
2 .08 40 2.074 25 
2 . 06 40 2 .064 2C 2.062 30 

6. 389 21 3.175 2( 6.334 28 
6.245 25 6 .393 3~, 6.206 18 
5.768 21 

...... 

' 

d 

2.213 

30 min 

"" 

10 

\0 
(X) 

I 



taco. The resu l ts of the surface diffract ion analysis (see Table XVIII) 

ind i cate again that the i~hibiting at loy l ayer at this stage consists of 

ph ases Fe
2

AI
5 

and FeAiy ~Hth increasing immersion times, the blue-grey 

crystals •t~ere more frequent, finall y forming i dentifiable outbursts. 

99 

Con·espond ingly t he number and intensity of diftrac·tion I ines of both phases 

have increased, their maxima being reached at 3 minutes (i.e., at the stage 

when the b I ue-g r"'y phase crysta Is begin to form outbursts and the o
1 

phase 

starts to nucleate 9 as shown in Figure 23). 

Sampl es produced with immersion times over 3 minutes clearly 

suggest a diminishing amount of both ph ases, apparently as a result of 

their transformation to the o
1 

phase. For the 30 minute samples, one 

I ine of FeAI
2 

ph ase v:as r·ecor·de d. 1'/e also note that three unident i tied 

In Table XVI I I assignment of the lines with d-spacings 3.327 
0 

and 2. 068 A to the Fe A I 
3 

ph ase might be considered as object i onab I e. 

ln dee;,d, both these diffraction lines could ver·y well belong to "the 

FeAI
2 

phase, since this phase exhibits a relative ly weak reflection with a 
0 0 

spacing d = 3.321 A and a st ronger one having d = 2.066 A. Howevert the 

l atte r I ine has occurred prominently in most samples, thus suggesting that 
0 

i t belongs to the FeAI
3 

compound . The d=3.321 A I ine does not lend 

i i"sel f to a simi far explicit conclusion s ince it was recorded in the one 

instance on I y. 

The galvanized samples prepared in Bath IV <0. 32 wt.% AI ) 

exhibited very similar rnicrosti·uctural features . to those produced in the 

Bath Ill. Hov1ever, small differences in diffraction patterns for these 

·samples are to be noted. 

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



' 
Compound or 

Eiement 

Fe2A!5 

Fe 

FeA1 3 

FeAI 2 

Unidentified 

I (counts/sec ) 
0 

d (/\) 

TABLE XV I I! 

Summary of Analysed Sur'face Diffrac~ · i on Data for Samples Produced in Bath Ill 

10 sec I min 3 min iO min 
d 1/1 ~ -0 

d I d I d I d I 

4 ,90 II 4.92 ' ~ 4.927 14 
3.86 24 3.801 19 3 ,806 2: 3,814 135 3,809 10 
3.20 40 3.20 27 3.20 C::' 

.J• 3,207 122 3.20 42 
2 . II 100 2. 116 1: 2.! 16 138 2 . I 09 97 
2.05 !00 2,059 41 
1.94 10 

I 2.026 100 2 .027 . 90 2 . 026 I, 

I. 942 55 I ,94 25 

2.027 30 

3.54 60 
3.33 20 3.327 i3 
2,12 40 2 . 13 4~ - 2. 13 202 2.126 45 
2 ,09 100 
2.08 40 2.075 95 
2.06 40 2,068 24 2 .066 2? 2.065 ~ 188 
i. 93 40 1.928 28 

3 .568 61 

5.277 f t 6 . 193 10 

d 

3.812 

2.022 

l .926 

3.567 

6.197 

30 min 

30 

30 

21 

12 

33 

I 

0 
0 



Compound or 
Element 

Fe/'·' s 

Fe 

FeAJ
3 

FeAI 2 

Unidentified 

(counts /sec) 
0 

d (A) 

TA3i_E XIX 

Summary of Analysed Surface Di ffracti )11 Data for Sampl es Produced i n Bath IV 

10 sec I min 

d' I / I 
0 d I d 

4.90 I I 
3.86 24 3.806 I 
3.20 40 3.207 2 
2 . II 100 
2.05 100 2.059 2. 
I. 94 10 
I. 90 8 I . 902 2 

2.026 100 2.023 66 2 .026 3 

3.95 40 3.937 20 
2.36 10 

I 
2.23 40 2.205 20 2. 198 I 
2.12 40 2 . 129 I 
2.09 100 2.093 15 
2.08 40 
2.06 40 2.067 2 
2.02 100 2.020 2 
I . 98 20 I . 983 I 

2. 742 12 2.738 13 

2.567 21 

~ 

7 
~ 

) 

) 

) 

) 

3 

5 
) 

;;l 

3 min 

-;-I d 

3.8 17 82 
3.209 170 
2. 115 375 

I. 942 11 2 

I 
I .908 23 

2.026 29 

2.366 . 18 

2. 127 2 10 
2.091 35 

2.066 194 

__L 

-
10 min 

I d I 

4.902 I I 
3.80 1 78 
3.201 84 
2.1 13 230 

I .942 70 

2.36 28 

2. 126 140 
2.092 24 
2 .072 80 
2.065 105 

6.298 21 
6.241 27 

30 min f i 
l 

d I I 
I 

. 

2.026 10 
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the FeAI
3 

and FeAi
2 

phases .were detected for the 10 second samp l e. The 

li nes of t he Fe
2

A!
5 

comP,ound are mi ssing. However , cons i dering that 

very I mt i nt ens i t ies of diffraction I i nes have been recorded for the short-

est i rmnersion -t-imes in a ll case s , the expected faint I ines of the Fe2AI 5 

phase mi ght very we t I have been lost due to a small eccentricit y error . 

A more serious discrepancy i s assoc i ated '!'lith the 30 minute 

samp I e. Des p i te the fact that the m i cr·ostructure of this samp I e was fonned 

of a mixture of i ron-zinc and aluminum-r i ch compounds, no I ines of the 

aluminum-rich ph ases we re recorded, Th i s might be attributed to two 

facto t-s . The rneta llographically - viewed section may not have been repre -

sentative of the ave r age surface wh i ch was viewed by the X~rays, and again the 

ec.:cen i r ici iv ernw rn ion r r~<:Jve ieu iu a f , - ' _, .. ,., ~- -1- · - · · -- - -
IU!:>::> UT \Yt::l dl'\ Ul l >l<-1'-liUII li Hv=>o 

The remain ing samp l es displayed a similar tendency in structural 

ch anges of the grO\·t ing inh i biting alloy l ayer . Wi t h prolon ged i mmers i on 

times, the inhibiting layer , cons i sting of increas i ng amounts of blue-

grey phase, was ident i fied aga i n as be in g composed o f Fe
2

Ai
5 

and FeA I
3 

phases. The i nhibi ting effect was sustained up to 10 minutes . At this 

stage , a reI ati ve l y th l ck alloy I ayer tended to pee I off promot i ng the 

nucleation of the 6
1 

phase at an uncovered iron interface. 

For all samp l es i n bath I V on l y three un i dent i fiab l e 

diffract ion li nes were r·ecorded . 

The results o f the sur f ace di ffract ion of samp l es pr oduced in 

Bath V ( with the hi~hest a luminum content of I .10 wt.% AI) have supported 

the prin c ipal conc lu s ions drawn fr·om the foregoing analysis . Furthermore , 

in thi s case a more extensive set of diffraction l i nes for the Fe A!
2 

compound loJas detected , part i cularly for the 10 second and 3 mi nute 



Compound or 
Element 

Fe2AI 5 

Fe 

FeAI 3 

FeAJ 2 

Unidentified 

(counts/sec) 
0 

d (A) 

T~3LE XX 

Su~mary of Analysed Sur face DiffractiJn Dat a for Samples Produced in Bath'V 

I 10 5"3:: I min 
., 

d 1/1 
0 d I d 

-
4.90 II 4,933 I 
3.86 24 3.824 16 3.83 2 
3.20 40 3.20 48 3.210 IC 
I. 94 10 I . 939 18 I .946 4 
I. 90 8 I. 902 . I 

2 .026 100 2 . 026 42 2.029 

3 . 95 40 I 3. 68 60 
3.54 60 3.553 60 
2.16 10 
2. 12 40 2. 123 20 2.120 . 2: 
2.09 100 
2.06 40 2.066 II 
2.02 100 

3.828 19 3.847 2 
2.742 12 
2. 176 28 2. I 8 18 
2.26 15 2.26 7 

6.236 10 

8 
5 
2 
0 
~ 

6 

6 

9 

5 

3 min 

d 

3.833 42 
3.215 121 

il 

I 
I. 946 63 

2.12! 500 
2.095 190 
2.069 130 
2.018 II 

2.757 16 
2.183 19 
2.27 13 

6.236 10 

I 
4. 248 12 
4.03 1 22 
2.495 18 ---

- w:ue s: 

10 mi n 

i d I 

3.830 48 
3.213 106 
I . 947 78 

! 
2.027 5 

2.124 380 
2.095 18 
2.069 I 162 

I 
2. 189 10 

3.155 10 

-

30 min f 
J -

~ 
d I 

. I 
3.824 73 I 3 .210 115 

. I. 945 71 
1.904 20 

' 

2. 162 12 
2. 12 1 330 

2.068 250 
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samples , In addiit ion, anothe r si x diffraction I ines could not be 

assigned to the known compounds , 

Even though the foregoin g results of the s urface diffraction 

ana ly s i s a re high ly conclusive as regards t hP- in hibi t ing laye r cons titut ion , 

t here st i I I rema ins the problem of the unassi gned I ines ai~ d-spac ings : 

6,39 , 6,33, 6, 30 , 6 ,24, 6,20 , 5.76, 5,27, 4.25, 4.03 , 3,17, 3 .1 5 , 2.56 
0 

and 2.50 A 

Th e r athe r errat ic occurre nce of the unide ntifiable I ines 

fo r differe nt samples led us to the conjecture that these are due 

exclusively t o a residua l arsenic fil m, This film is left on every 

-. ............... I ,..... - .L ..4~ ..-.. - ,.., --'· .- : ,. ... : - .L.. t.. - -· ~ .... - - • • _, - I - . . -. - -1 .. -.. - - · · - . . .. - - ' .J... · 
...;)~··'I.J ' '" ' Ul ,.._,., o.JII 't--' t-'''' ~ III V 4 11 1 \...o V V ...... I I UY U t l\..1 t'f U.;:, ~Ut-.J t-J U :.:J V '-1 IV 

be r~ernoved by f l ash immers ion in col d concentrated nitric aci d . 

Presumably, differeni· samples were cover·ed with varying amounts of arsenic 

f il m. Thus,sustaining the flash procedure for . constant times would remove 

the film s by different extents. 

To ver i f y this possible effect of t he residual arsenic film on 

the di ff racti on patterns obta ined, the a luminum-rich a lloy layer was 
I 

removed from two samp I es and these wer·e s ubjected aga in to surface d if-

fraction. Results of this supplementary X-ray an a lysis are given in 

Tables XXI and XX II. \•le note that by excluding the res i dua l d iff ract ion 

lines of FeA 13 and FeA I2 , a numbe r of add itional I ines are now observed. 

Comparing this data with the previously unidentified 1 ines we conclude 
0 

that the diff ra cti on I ines having d-spac in gs of 6 . 20 , 4.25 , 3. 17 A and 
0 

boss ibly 6 .24 and 3,15 A are exc lu sive ly due to the arsenic film 

residuum . 
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·The Diff raction Lines Obta i ned ·from the Residual Arsenic Film on the Sample 
Produced by 3 minutes Immersion in Bath V 

0 

d (A ) 

( coun t s 

/ sec) 

5.539 

8 

4.468 

10 

4.332 

10 

4.264 

10 

TABLE XXII 

3. 17 

15 

2.812 

28 

2.82 

25 

2.235 2.025 

6 80 

The Diff ract ion Lines Obta i ned from the Resi dual Arsenic Film on the Samp l e 
Pi-v duct: .... l by iv nti,·,u ·i.::::. iuan~rs iu' ' j.-, odilt V 

0 
d(A) 

(counts 
/sec ) 

6.206 

15 

5.539 

15 

2.673 

10 

2.492 

12 

2.362 

10 

2.188 

18 

2.1 45 

20 

2.12 

10 

2.028 

45 
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More data is needed to draw definite conclusions in this respect 

sin ce eight diffraction I ines rema in unassi gned , Hmvever, taking in to 

account the antic ipa·ted complex ity of the arseni c film d iff r act ion pattern , 

pos sible effe ·ts of sodium hydroxide on the structure of the film and a 

possib le pre fer red orientat ion effect we may concl ude tha t our brie f 

experiment is a suffici ent indicat ion for present purposes . It focuse s 

attontion on an additional proven source of diffraction I ines that has 

not been previously taken into account and further undermi nes the credi-

bi I ity of the conjectured ternary compound to wh i ch some of these I ines 

had been previous ly assigned. 

Summar iz i ng, we may say that under the given exper imental cond i-

t if'ln<: thA inh ihi·t-in,., :::> llr." 1""""",... - . - ·- , ' ' ' - ' '. '' • - ' ' ' '' .:::' -· ' ~ ..... 1 • .. 4 I ... ' 

forme d on i ron ga lvani zed in an aluminum-beari ng zinc bath has a dual 

structure, compose d of z i nc-bearing Fe2AI 5 and FeAt 3 phases , The latter 

two phases form the bulk of the inhibiting layer but may occasionally be 

accompanied by the formation of particles of the FeAI 2 phase . 

The phase FeAI, on the basis of its very low Fe-1 ike diffu s ion 

coefficients, i s not expected to atta in a de tectable thickness in ti me s 

of 30 minute s , ~nd our experiments bear this out, In any case, the kinetic 

properties of FeAI should be close enou gh to those of pure iron so that the re 

is I itt le point in distinguishing between these two phases in discussions of 

galvanizing, It was for this reason that we approximated Fe-FeAI as a 

single phase field in our ternary i sotherm (Figure 33). 

The uni de ntifi ed diff ract ion I ines from the surface layers 

f))Ost probably derive from an arsenic f il m residuu m. 
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6.3 Explanation of the Anluminum Inhibiting Action 

The X-ray analysis and electron microprobe data, along with the 

microscopic evidence developed in the present study, allow us to more 

clear y define the mechanism by which aluminum inhibits iron-zinc alloy 

I ayer grm1th on ga I va n i zed iron . 

To introduce the argument the probl em of nuc leat ion of inter­

ml3diate phases wi II be first discussed. The subsequent growth of the 

nucleated phases and the mechansim of their destabilization wi I i ihen be 

discussed in relation to the concept of diffusion path on the isotherm 

of the Fe-AI-Zn system . 

r .ons i de r a i-e rnr~ ry c:o I i rl-l i fJLI i rl cl i f f11 s ion r.ou:d A ;od· + i l flA 7A ro 

such as the infinite coupl e formed at 450°C by ir·on in contact with iron­

saturat-ed zinc containing fran 0.20 i·o 1.0 wt.% of aluminum. An inter­

mediate phase wi II be nucleated at the interface provided that the overall 

free ene rgy of the system is lowered by such a process and provided that 

the nucleation barrier is not too high. If the phase diagram defines the 

existence of such intermediate phases, as in the example considered, then 

the former free energy requirement wi I i be automatically satisfied. 

However, the height of the free energy barrier associated with the 

formation of such intermed iate phases depends on three terms : a negative 

volume component (which i s the measure of the mini miz ing ·t-endency) and 

positi ve surface and stra in components \'lhich tend to counteract this. 

The s-tra in component arises if the volume changes associated with the 

nuclea-t ion of the nm" phase are significant. Depending upon the relative 

magnitudes of these components, which depend on the supersaturation, 
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the fluctuations in the system may be sufficient to help the system over-

come the barrier due to the last two terms and lead to the desired minimum 

associ ated with the vo lume term. 

For the case of a terna ry solid- liquid dif fus ion coupl e of the 
· , 

type considered the nucleation of a new phase may be expected to occur 

at the sol id-1 iq uid interface since the degre~ of supersaturat ion is 

greatest at this po int an d a portion of the necessary surface for nucleation 

of a new phase is already present. Furthermore, where the inte rface is 

supersatur-ated wi t h respect to a number of phases, the one which appears 

first wi I! be that for which the nucleation ba r rier is lowest. Thus, 

as expect ed theoret ically, the nuclei of the initial inhibiting layer in 

gat van tztng ~wnt cn seems ct rcurr;si-arlT ia i iy io u~:: ru-z~:..i 5 i i ::; uu!::> tl r vt:!u au 

be attached to the iron and growing towards the I iquid part of the couple, 

and we may suppose therefore that Fe
2

AI
5 

has a I ower nuc leation barrier than 

at least five other possible initiating phases. 

From nucleation theory we argue that the number of critical 
~ 

nuclei, n, present in a system is given by Burke <65
> as 

n == N exp (- ~ ) 
kT 

where N is the number of avai fab le nucleation sites and 6F is the free 

energy barrier for formation of a critical nucleus (i.e., the nucleus 

which may lower its free energy by growing in size by an infinitesimal 

amount). This free energy of formation, as pointed out before, is composed 

of vol ume , strain and Sllrface terms . A critica l nucl eu s becomes a stable 
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one when It ga ins one or more atoms. Thu s , if the j ump pr ocess across 

the precipitate-matrix i~terface i s governed by an activat i on energy, U, 

the frequency with which critical nuc lei become stable is: 

ns p y exp ( -U/kT> 

where nS is the number of atoms in the matr i x at the surface of the crit i ca l 

nucleus, y is the frequency of vibrat ion of these atoms, an d p is the probabi I ity 

that a v i brat i on is i n the direction of the nucl eus ti ~es a factor wh i ch 

expresses the fact that attachment of atoms may occur prc te rent i a I I y at 

certain po ints on the surface , Under quasi-steady state cond itions the 

r'\:tlf" l o ~+i n n r· ~+o T · · - -· -- - . ._ .. - ~ , -, ie +hon• . - ' . -. . . 

I = N • ns • p • y • exp <-~ 
kT 

The most important factor in this expression is the free energy of forma-

"!"ion of a crii· ical nuc l eus, I f the si·ra in and surface terms are l arge · 

canpared to the volume component of the free energy , the nucleation rate 

wi I I be slow and can in fact be negligible. 

Once the stable nuclei of the intermed iate phases are formed 

we may consider the prob l em of their growth. The inhi biting layer gr owth 

. (30) 
was found by Borz 1 I I o an d Hahn to con form to a pa rabo I i c I a~/ . The rate 

o f ·its growth is the refore governed by the diffusion coefficients of the 

three elcrnents in t he in t ennediate phases . The genera l solut ion of th is 

problem, g i ven by Kirka id/
31

) 1-1ould be difficult to apply. Furthermore, 

r ap idly developing insi"abil i ties at the Interface with z i nc wou ld ul t i mately 
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lead to more than t wo phases in equi I ibr i um and the failure of the planar 

mode l . It is dol!btful t.hat there wi II ever be developed a tractable 

theory that can dea l with the singu larities ( out bursts) observed. I n any 

case, the requi r ed diffusion data for ana l ys i s are extreme l y scarce , even 

{64 ) 
for the binary alloy systems invol ved. Bugakov gives the diffus i on 

0 -9 2 
coeffici ent of iron in binary r phase at 400 Cas DFe = 2.10 em / sec . 

Ryabov et al .<65 ) obtained diffusion coefficients of i ron at 1000°C in 

the pha se FeAI 2 as DFe 
-II 2 = 8.10 em / sec , the phase Fe2At 5 as DFe = 

-9 2 
3.10 an /sec, 

- 10 2 
and the phase FeA t

3 
as DFe = 2. 10 em / sec. No di ffus ion 

data i s avai l abl e fo r t he tern ary system d i scussed. However, observations 

of i"he extreme ly smal i rate of grw ot h of t he inh ibi t ing a lloy layers 

~~ ~"-~ ~ ~n ~ +~ +h ~+ -~ : r '"l""\"" 7 ~ n,... +h , + +he. rH .j:f .,e i '"' n -- · .. t"'-· . ..... .... . - .. ...... . -. . . ...... - ... ., . .. - - . . . -· - . - .. 

coeff i ci ent s f o r these t wo groups of phases differ by at l east two orders 

of magnitude at t emperatures of 450°C . Bearing a ll the above in. mind, we 

ma y attempt to treat the problem of growth and diffusional instab ili ties 

of the inhibiting layers accordi ng to the concept of vidual diffusion 

paths i n the isotherm as described in Sect i on 3.3. It must be emphasized 

that such paths are only uniquely defined subsequent to nucleation of 

one or mor e 1 ntermed i ate phases (stab I e or meta stab I e) and i"hat subsequent 

nucl eation of more st able intermediate combinat ions of phases wi II lead, 

after appropria t e relaxat ion times, to a discontinuous modification of 

the di ffu s i on paths. We start our discussion on the empirical basis that 

the initial phase nuc l eated is Fe
2

AI 5 followed i nYTled iatety by FeAiy 

This initi a l stage corresponds to the metastable diffus ion path 

Fe I J K 0 1 C" . shO\\'n in Figure 34. The fir~st pari" o f the path, up to 
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point K~ implies that the nucleated compounds are not saturated with zinc and 

that the d i ffusion coeff i•cient of a luminum in the iron·-r ich phases Fe and 

Fe
2

AI
5 

are much higher than the coefficients for zinc in these phases. 

The pa t h IJ s imp ly denotes a layer of zinc bearing Fe2AI 5 

phase. Its interface with the ad j acent zinc bear ing FeAI 3 'phase is 

assumed to be planar for very short t imes , i.e. , the path JK is shown as 

parallel to tie-lines in t he two phase ·region. The path KD' impli es a 

sharp incr·ease in the diffusion rate of Zn relat ive to AI, an d indeed 

that, due to ternary diffusion inte ractions, AI now diffuses down the Zn 

gradi ent an d up its own gradi ent. 

At this poi nt, it should be stressed that i f ihe zin: par~ of 

The coupi~ wert;: a 
.. -' 

~VI 1 \J 1 
P I A mA n "IS \'JOU i rj 

be fixed, de fin ing unambiguously the diffusion path. In a I iquid, on 

the ot her hand, the concentrat ion gradients can be dispersed by agita·r ion, 

to allow the initial act ivi t y of a minor component. in the bulk li quid to 

be ma inta ined at a high level at the solid-liquid inter-face , thus favour ing 

the stabi lity of the Al-r ich Fe-AI compounds. The interfacia l concen-

tration of t he mino r component may nonethel ess be depressed due to diffusion 

depletion of the melt in the vicinity of morphological instabilities, 

thus destabi I izing the .A. I-rich layers. All of this goes to say that there 

is no a priori way of fixing the AI content of the melt at the inte rface 

in the presence of ag itation or of instabi I ity, 

Let us assume, therefore , that the interfacial concentrat ion of 

a lumin um in the melt at the short ti mes cons idered, due to a high AI 

content an d/ or agitat ion, is given by point C". This path, in the absence 
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of nucl eat ion of ot her Fe-Ai pha ses would bl~ permanently stable, at least 

against i ntr·us ions o f Fe-'Zn-t- i ch so I i d phases in the absence of mechan i ca I 

instabilities (e.g., f laking). 

I f, as i s more l ikely , the i nterface compos i t i on s evolve by 

dep I et i on to those defined by I i ne DHC then gross i nstab i I it i es are to 

be expected next to t he liquid since this path crosses both two and three-

phase r egions. The line DHC implies a local equilibrium surface involving 

· three phase s: Fe
2

At
5

, FeAt
3 

and zinc, in contact with a two-phase region 

Fe
2

At
5
-l iqu i d . This d i ffusion path appeal'S t o well-represent the si tua1· i on 

for short ti mes of i mme rsion, as indicated in the right half of the 

Figure 22. This exhib i t s ma inly a p l ana r i nterface between FeA!
3 

and z inc 

' • l I t ., • - ' ..f t r ..L -- .• .J ! .. - - I t - ·-· . .,J,. - t - r r~ _ fl I 
a tu t &~ Willi a vc t y tlll &ltv'-l t &l.iiiiUvo u o fJ& VII UYIII~J ::>lmH o ""'Y-"''"''"' uo ,.,, 2,., 5 • 

Let us consider next a location of the interface where the assumed 

i nstab i I i ty has become cri t i ca I , i .e., the z i nc•saturated FeA 1
3 

phase has 

been penetrated by a column of zinc-bear ing Fe
2

A t
5 

phase, growing i nto "the 

zinc. The aluminum r equired for the growth of this phase can be supplied 

fnxn the zinc bath and from d i ssol uti on of the zinc-bearing FeAI
3 

phase. 

The first of these transfer processes wit I result in a decrease in the 

amount of I iquid zinc residing betvteen the columns of Fe
2

At
5 

phase, i.e., 

"the point H wi II be di splaced toward H' . Concanmitantly, the aluminum 

concentration at the growing tips of the Fe
2

At
5 

wi II decrease tovtards 

point C' and the c.orrespond i ng dect-ease in the amount of FeA I 
3 

phase w i II 

result in a swing of the diffusion path towards the curve I L H' • 

If the a lumi num content in the bath is not ma intained, further 

growth of 1-he zinc bear ing Fe
2

,o, 1
5 

phase must cent i nue unt i I a I I the zInc-
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bearing FeAI
3 

phase is consumed. Corresponding ly , the diffusion profile 

.must s·wi ng towards path I F A. At th i s stage further columnar gr owth of -

t he re
2

AI
5 

phase must r ece i ve i ts supp ly of AI from the bath onl y. A 

subsequent dr op i n he alumin um concent r at ion in the liquid _(say to 

point N) in contact with a z i nc-saturated Fe2AI 5 phase must be achieved 

via nucleation of the zinc-rich o
1 

phase whi ch, according to the phase 

diagram, wi II rapid ly penetrate through the thin Fe2AJ
5 

l ayer. The corresponding 

diffusion path i s then represented by points IFMN. Figure 23 demonstrates 

this eventua li ty . The nucleus of o1 phase formed exhibits a we i !-defined, 

nearly pl anar interface wi t h the i r on ( wh i ch was previous l y i n contact 

IAi i+h tf! P. !='P. _A I ) - I - 'J . 
7inr r~rr~~~ ~n rl in n ~ -···- _ .... . ~ - r ............. . . . ;::;J • 

the l ast segment of the diffusion path MN (entering from a th ree-phase 

region into a tv1o-phase region at an angle to the t i e-lines ). Once the 

three -phase equilib rium is established, the system wi I I tend to ~inimize 

its free energy further through the reaction: 

This stage is character ized by a very rapid sidew i ze growth of the o
1 

ph ase , encouraging the peelin g of the z inc-bearing Fe2A1
5 

phase, \'lhich is 

ultimatel y dissolved during upward growth of the o
1 

phase . 

At the point where the o 
1 

phase is first formed the nuc leat ion of 

r phase at the iron i nterface fo llows within a short time. 

The corr-espond i ng diffusion path for th 1 s I oca I e passes then 

through points FeOGN. 
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The foregoing argument imp I i es that at higher a I urn i num contents 

in the bath both the amount of initially fo rme d FeAI 3 phase and the_ general 

availability of afuminum from the z i nc are greater. Consequently, the 

diffusion path IJ DHC swi ngs at slower rate towards the path IFA. I n 

other vtords , displ acement of points Land H tov1ards E is decelerated, 

implyi ng a slower deve lopment of ternary instabi I ities. During this 

evolutionary process the bulk of the inhi bi t ing l ayer probably consists 

of a z i nc.beari ng Fe
2

A 1
5 

phase with a thin fragmented overt ay of FeA ly 

Increased agitat ion acts i n the same direction as increased 

AI in the bath by providing a steeper gradient of aluminum at the sol id-1 i quid 

interface and therefore a faster supply of the elemen-t. Consequently, 

The rate of growth and destabi li zation o f the inhibiting layer 

was a I so found to be affected by iron content in the zinc bath. In 

accounting for the iron effect let us recall ·that the inhibi t i ng layer 

was observed to grow predominantly towards the zinc, exhibiting at the 

same time a neg li gible penetration into the i ron . This indicates that i r on 

di ffusion through the intermediate phases formed controls their grO\vth rate. 

I f the zi nc bath is not saturated with i ron the mass balance requires 

that a sma l I amount of iron be transported through t he intermediate phases 

into the zinc in addition to t he iron r·equ ired for formation of the 

advancing inhibit ing phases, thus slowing down their growth and l engthening 

the time of on set of instabili ty. In other 1vords, at a given aluminum 

content the growth rate of the inhibiting l ayers increases and the time 

for desi·abilizati on decreases as the iron content of the bat h is raised 

towards the saturation conditi on. 
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In summary, a regu I ar sequence of the iron-zinc phases fonned on 

a galvanized iron is inhi•bited in an aluminum-bearing zinc bai·h by the 

format ion of metastable laye rs consisting o"f zinc-bearing Fe2AI 5 and 

FeA I3 phases . The incubation pe riod for breakdown to a st able phase dis­

tribution is governed by the rate at which ternary diffusi6nal instab iliti es 

are developed. Stirr ing and increas ing alum inum content in the bath 

: pro I ong the time of i nstab iIi i·y deve I opment whereas increas ing iron 

con tent in the bath has the opposite effect. 



SUMMARY 

1. A number of important clements of the phase equilibrium in Fe-Zn-A I 

at 450°C have been recorded , These are summarized along with the data 

of other In vest igations in Figures 32and 33, respectively . 

2, The inhi bit in g layer formed on i ron ga lvani zed at 450°C in iron 

saturated z inc contain ing between 0,1 I to I. 10 wt ,% AI was identifi ed 

by s urface X-ray di ffracti on as be ing composed of z inc bearing Fe2AI 5 

and FeA I3 phases . 

3, t - ......... - ... ...... ,... .... ,....-~,....rf orl 
~ U )' - I f f .... .,J t - --I --· _ j 

even though with the errat ic occurrence, The phase FeAI has not been 

detected by t he techn i que ut i I i sed. 

4. Electr-on probe microana lysis suggested that bulk of the inhi biting 

layer i s fanne d by z inc bear ing Fe2AI 5 phase. 

5, The X- ray diffraction data for FeAI 2 binary phase, so far miss ing in 

the ASTrv1 X-Ray Data F i l e, ha ve been obtai ned in the range 5° < e < 25° 

lls ing the di ffractometer technique. 

6, In the diffract ion pattern of the phase Fe2AI 5 I isted in the ASTM 

X-Ray Data Fil e a discrepancy has been recorded for I i ne given 
0 0 

by d-spacing 3,86 A, Our own measurement yi e lded a value of 3 ,81 A. 

11 5 
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7. The mechanism by which the aluminum in the z inc bath inh ibits the 

growth of the intermetal li .c phase s on the galvan i zed iron has been 

propose d . 
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117 



118 

TABLE A. l 

Microana lys is Data and Res ults for Iron-A l uminum Binary !nter­
meta ll ic F)hase s at the Acceleration Voltage E

0 
= 14 keV 

Ra\·J lnten c:ity frc)m Pure Etom'3nts (counts/sec ) 
-

Ai um! m:m Iron 

In it ia l 9,868 40 , 305 

Final 9,528 40,5 12 

-
Raw Intensity Compos ition ( vrt .% ) 
(cou nts / sec) 

- .. """" 
I ~?mpound AI Fe AI J Fe 

'JO.o.~~li('lr~-

I 

FoAl 554 26 , 502 12 . 40 67,58 
573 26,597 13 .02 67 . 93 
562 26 ,5 71 12.62 67 .80 

FeAt 2 1,761 19,321 36. 60 53.47 
I, 725 19, 965 35.91 53.79 
1·, 721 19 , 889 35 .71 53.57 

Fa2A I r. 2' 160 17 ,5 92 42.78 48 .09 
- ;J 2,063 17,592 40.54 47.98 

2,0:13 17,644 40.36 48.05 

FeAt 3 2,4 36 15 ,051 44.46 41 . 44 
2,5 30 15,253 46.92 42 . 13 
2 , GI 6 15,249 48 .83 42 .23 
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TA BLE A.2 

~~icroanalysis Data and Resu lts for lron-t\luminum Binary lnte r­
met<:ll I ic Phases at- the Accelera .. ion Voltage E = 16 keV 

0 

Ra1" Intensity from Pure Elements (counts/sec) 
~-

AI umi num Iron 

Initia l I I ,215 60 , 970 

Fina l I I , 171 60,802 

-

Raw Intensity Cornpos ition (wt .%) (counts/sec) --Ccxnpound 
/\I Fe AI Fe ' I 
~~ 

1 -f 
Fe AI 551 40,)21 12.29 67.71 

559 .40,556 12 .55 68.15 
560 40,402 12 .53 67.89 

FeA I2 I ,867 29,399 37 . 75 52 . 34 
I , 817 29,268 36.41 51.99 
I I 796 29,343 35 .98 52 .08 

Fe2A 15 2 , 394 26 ,722 47. 19 48 .8 1 
2, 338 26,761 45.95 48 . 38 
2, 334 26,662 45. 67 48 .1 9 

Fe AI 3 2,95 4 22 , 961 54 .29 42 .1 6 
2, 907 23,596 54.34 43.31 
2, 901 23,248 53.59 42 .64 
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TABLE !\ . 3 

lvl icr·oanafys i s Data and Resul ts for Iron -Aluminum Bi nary Inter­
me tal I ic Pha ses at t he Accel e rat ion Vol tage E = 13 keiJ 

0 

-a~~n -.,.. -- - - WCAW 

Raw Intensity from Pu re Eleme nts (counts/sec) 

.A I um i num I ron 

Initial 12,301 80,544 

Final 12,310 79,526 

Raw Intensity C . t . ( ~ " l ( i 1 ) Jompos 1 1 on w· • tu cou n ·s sec , 

Compound AI l Fe A I .... j F~ 
~~~~~~,~~~......,.;r.; ~~ .... ....-~~~ 

! I ! I I 
FeA I 5H8 52'. 6~1 8.49 

I 
66,09 I 391 52 ,542 8,58 65.BO 

38 1 52 ,674 8.31 65.93 

FeAI 2 I ,588 37,906 30 .66 I 50.20 
I ,56-i 38 , 036 30.27 50.32 
I ,565 37,912 30 . 14 50.15 

Fe
2
Ar

5 2 ,090 34 , 835 39,67 46.99 
2,045 35, 032 38.82 47.18 
2 , 037 35 , 020 38.62 47.15 

FeAI 3 2,747 30,327 49 .39 41 .68 
2,631 30, 248 46. 70 41 , 39 
2 , 608 30, 662 46.72 41. 95 



TABLE A.4 

Microanalysis Data and Resu l ts for lron - /\l um inum Bi na ry Inter­
metal I ic Phases at the Acce lerat ion Vol tage E = 20 keY 

0 

~~ 

Raw In te nsity from Pure Elements (counts/ SE-)C) 

'*' NT'"- ........ 
Aluminum J I ron 

In it ial 12,681 97,292 

Fina l 13, 142 99,649 

Raw Intens ity Compos i T ion (wt.%] (counts / sec ) 
Compound AI r Fe -~t=~~·~, _.....,. 

I I ~ 

FeAI 108 62, 994 2. 36 63.66 
128 63,975 2.83 64.39 
127 63,475 2,80 64.28 

FeAI2 I ,:'>37 45,554 26.56 49.28 
I ,300 45 ' 305 25.56 48.89 
I ,290 45 ,383 25 . 36 48. 95 

Fe2 At 5 I , 8 12 44' 186 37.34 48.94 
I, 748 "44,32 1 35.82 48.99 
I, 745 44,485 35 .87 49 . 13 

FeAt 3 2,082 39,970 40.28 44 .56 
2,2 81 38.745 43.87 43.50 
2,274 38 ,941 43.91 43.72 

ILl 
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TAI3LE A.5 

r·~ i croa na ly s is Data and Resu lts f o r lmn- Ai um inum Binary I nter­
meta l lie Phases at the Acce l erat i on Vo l tage E = 22 keV 

0 

I n itl al 

Fina I 

Compound 

FeAI 

FeA I
2 

FeA I 3 

~~ 

Raw I nt ensi t y from Pu re E I ements ( counts/ sec) 

Q 
Aluminum 

' 
I r·on 

12, 571 116,720 

12,393 113,414 

r~aV/ l n ten;~ Composi t- i on (Ei t.% > 
( counts/ sec) 

AI J Fe .AI ,-~- f e 
~~ft'a'~ :t\,~.!11,: 

I i ~ 

0 . 0 
o.o 
0.0 

51 3 
483 
419 

I , 005 
902 
845 

I ,070 
I ,373 
I , 376 

78 , 473 
79 , I 92 
78,010 

55,646 
54,727 
54 , 269 

5 1, 71 I 
50,564 
50, 572 

46 ,5 10 
44 , 618 
46 ,4 13 

o.o 
o.o 
0 .0 

9 .92 
9 . 14 
7. 76 . 

19 . 84 
17. I I 
15 .87 

19.29 
24 . 94 
25.96 

65 .3 1 
65.94 
64.90 

47.53 
46.60 
45. 96 

45 .58 
44 .20 
44 . 04 

40 .91 
39 . 88 
41 .59 

I 
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Microanalys i s Data and Results for Iron-Zinc and Iron-Zinc-Alumin um 
I ntenneta I I i c Phases at the Acce I erat ion Vo I tage E - 16 keV 

0 

Ini tial 

Fi na I 

Phase zeta 

Phase de lta
1 

' 

Phase (2) 
(de lta

1
+4AI) 

· Ra\·1 lnten~ ii'y f r-om 
-·~ 

I ron 

57,843 

56,898 

Ra '' Inte ns ity 
<cou nts/sec) 

4 ,285 18,028 
'4 ,338 18 ,119 
4,323 18 , 063 
4 ,285 18, 334 
4,,048 18 , 198 

6,072 17,615 
6,099 17, 58 1 
6 ,184 17, 6 14 
6, 176 17,684 
6, 145 17,644 

5 ,1 30 17,276 
5,267 ' 17,729 
5,318 I 17,670 I 

5,053 I 17,324 
5,094 17,226 

Pure Elements (counts/sec ) 

Zinc 

19,545 

19,1 69 

Compos it i on ( vo~t .% ) 

: 

6. 77 93 . 09 
6.85 93.58 
6,83 93 .28 
6. 77 ' 94.70 
6.39 93.93 

9.64 9 1.33 
9.68 91. 16 
9.82 91 . 35 
9 , 81 91.72 
9 .76 91 .50 

8 .II 89.32 
8.34 91.74 
8.42 9 1 . 44 
7.99 89.56 
8 .05 89,05 
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1·1i croa nolys i s Data and Results for !J-on - Z i nc and lron - Zi nc-:\ l um inum 
lntermeta l I ic Ph ases at the Acce lerat ion Voltage E = 18 keY 

0 

-· 

Raw Intens ity fr"om Pure Elements ( cou n t"s / sec> 
~~~· 

iron Zinc 

In i t ia l 81 , 515 29 , II 0 

Fina i 79,4 11 28,407 

--

UA4 ..... ~~ 

Ra\v Intensity Compos it ion (wt.%) 
(counts/sec) 

124 

' 

~- ~M G ... u ........ a • r---......,... 
Compou nd Fe r Zn ~-::.__.~--~~:.._J ~~~~~· 

t j ~ 

Phase zet a 5, 882 27, 17 7 6 ,57 94 . 39 
5 , 827 26 ,78 1 6,50 92.97 

-5,98:.5 26 , 771 6,68 92.97 
5, 472 26, 994 6 . I 0 93 .65 
5, 562 26, 838 6 .20 93.08 

Phase de lta 1 8, 318 26,043 9.33 90 .84 
8, 363 25 ,557 9, 38 89 . 11 
8, 096 25 , 247 9, 07 88 . 13 
8 , 416 25,1 03 9 . 43 87.50 
81 476 . 25 , 152 9 ,50 87 . 69 

Phase ( 2 ) 7, 291 25, 387 8. 15 88.29 
(de ! t a I +4A I ) 7, 267 25, 830 8 . 13 89 . 87 

7, 486 25, 890 8 ,38 90 ,13 
7, 154 25, 272 7.99 87. 85 
7, 155 24, 985 7 ,98 86 .83 
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TABLE A·. s 

Mic roana lys is Data a nd Resu l ts for Iron--Zi nc and lron-Zi1e-Aiuminum 
lntenne-tal lic Phases at the Accele ration Voltage E = 20,eV 

0 

Initial 

Final 

. 

Compound 

Raw Intensity from Pur·e Elements (courts/sec) 

I ron 

97,510 

100,128 

Raw In tens ity 
(counts/ sec) 

1-e Zn 
'0!1 

Fe 

Zinc 

38,782 

38,755 

Compos it ion Cwt,% ) . 
Zn 

125 

- . . .. -- ---· ,= J l - n;t~~ - ~- J a , 
Phase Zeta 6 , 902 35,7CR 

' 
6. 45 93. 26 

7,386 35 ,9i 9 6,89 93. 90 
7,31 2 35,600 6.82 93,02 
6,804 35,978 6.34 93,93 
6,424 35 , 85 1 ' 5.98 93.51 

Phase delta
1 10,689 34,562 10,04 90.91 

10,713 34,942 10,07 91.95 
10, 809 34 ,792 10.1 6 91 , 56 -. I 0 , 800 34 ,337 I 0.1 4 90,32 
II ,000 33 , 995 10, 33 89.43 

Phase (2 ) 9,164 34 ,836 8,58 91 .33 
(de Ita I +4A I ) 9,082 34 ,953 8.50 91 .63 

9,442 34 ,906 8,84 91 .58 
9,097 34,400 8,50 90.14 
9,174 34 I 134 8,57 89.43 



Ti\BLE A. 9 

tvlicroonalysis Data and Res ults for Iron -Z inc and Iron-Zinc-Al um inum 
lntermctall ic Phases at the Accele ation Voltage E = 22 keV 

0 

Raw In tensity from Pure Elements (counts/ sec) 

·. ~"Q&.'fl'~~--- -•~mnmrn ' 
.,_ 

I ron Zinc I 

In itial I 09 , 148 46,699 

Fina l I I 1 ~556 46,580 
' 

Raw In tensity Composition (wt. %> (counts/sec ) 
&Jill I 

l__:n__ __ J ==~~==-_J.-~,-Compound Fe 

; 

f 
Phase zeta 7, 440 43 , 146 6.19 93 .70 

7 , 803 43 , 577 6.51 94 .76 
8 ,098 43,469 6.76 94.58 l 

7 , 392 43,343 6. 15 94. 13 
7,425 42,847 6.18 93.01 

Phase delta
1 10 , I 04 42 , 082 8 . 45 92.97 

I I ,242 41 '901 9.43 92.81 
' 12,567 41 , 970 10.58 93 .27 

12,375 41 , 808 10 . 41 92.85 
12 , 528 41 ,3 17 10.53 91.74 

Phase (2) 9,866 41 ,628 8 . 24 9 1.87 
(de lta

1
+4AI ) 10,204 41 , 727 8 .53 92.17 

9 , 77 1 40 , 945 8 .1 4 90.27 
I 0 ,1 26 41 '468 8 .46 9 1 .56 
10 ,263 40,649 8. 56 89.70 
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TAB LE A, 10 

Mi croana lys i s Data and Results for Iron-Zinc-Al um inum Compound 
(numbe r 5 in Table 8) at t he Acce lerat ion Voltage E = 18 keV 

0 

Ini t ial 

Fi na I 
1-P-

mp ound 

Phase 5 

Raw Intens it y f r om Pure El ement s (coun t s / sec) 

I ron 

34,248 

33, 986 

Raw Intensi t y 
(counts / sec) 

Fe 

13 , 971 
13,768 
13, 854 

I Zn 

I , 140 
I , 161 
I , 157 

' 

Zi nc 

10,21 5 

10 , 138 

Composit ion (wt. %> 

Fe 

42, 0 1 
41.74 
41. 86 

f 
II I I 

Zn 

12 . 23 
12. 60 
12 . 5 1 
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TABLE B. I 

Microana l ysis Data an d Resu l ts for the Equ ili br i um Specimen FeAI-Zn 

Raw In t ens ity of Pure E l ements (count s / sec ) 

rw~~~~~-----F .......... J .. ............,.z _,._...,_. 
- I e n 

fa l ~:::-- ~ - 12, 513 

~~ 47, 41 7 1 2,09~ 

~~~-~~$~:~ 
~ Phase Exam ine d j· AI f Fe J Zn ! AI I Fe . ~ . zn . ~ 
r-..,.,_~~~········· .......... ,"' :s:s:l"_,..-~~ ~'""'·~~.,.~~JI£: •. 1-,.,='l~-1 

I Original FeAI at cente r 796 30867 I 14.70 66 .77 ~ J 
ot crysta I 733 30856 " 13 .I 39 66,52 ~ ~ 

~ 747 30873 a 13 . 68 66 ,6 1 ij : 

I Av. , ! ORO rnc,o L06 I ::·::• ::::: ! !2.98 ~ 
~ ~~~:; ~-~ ~~= ~~~;~~~~~~~ . I~ : ~~~ I ; ~~~; ;1: : ~~~ ~~ ~ ~ :~~ ~~:~~ I : ~: ~~ l 
~ with FeAI 44 II * 43.09 ~ 12 80 1 ~ Av. l I . . . ! . ~ 
I II I 1387 ~ 19634 1512 24.51 42 .79 ~ 13.75 . ~ 
n The s ame pnase - but at I 11 223401 li 11 99630101 . 11 549105 2 1 , 53 42.45 ~ 1.3. 77 ~ 
: inte rface with large grain§ 20. 98 41 ,7 3 ~ 13.54 ~ 

~ phase Av. 

1
s 44 .00* 42.32 ~ 1 3 , 6 8 ~.·.· 

~ ~ I ~ ~ ~ Ill 11 34 ~ 19610 ~1 536 19,70 42 , 44 ~ 13.98 3 

I' ~~:~! ~~;~: ~~ ~:r~! ~;~~ n I : b~; I : ~~~~ i: ;~~ 7 ~: ii !7 :gf I : ;: ~~ ·I~ 
ph ose 11 55 1 19543 ~ 1 543 20 . 65 41.91 a 14,05 

I 1030 ~ 19596 ~ 1 52 7 17. 44 42,34 ij 13. 94 I. 

~ · Av. · I 44 .08-* 4 1, 94 N 13.98 

~ IV Backgr • . 4425 : 10935 8,27 ! 87 , 8 1 
Phase of l arge grains at ~ " ~ 4 189 . 10987 ~ 8 .1 5 ~ 88.28 ~ 
the in te rf ace with Phase ~~ 11 ~ 42 70 [ 11019 ' 8.31 ~ 88,56 ~ 
1 . :: ~~ 4212 ~ I 092 1 8. 19 

1
.! 87 . 72 a ! ' 424 1 ~ 11003 i 8 .26 ; 88 , 39 ! 

~ Av. 

1 
I 

1
3.62* 8 .23 ,88.15

1 L___j_ ._j__L__L __ _j __ L_J 
* · f\1 content o b-t-a i ned by diffe r ence 
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Table B.l ( cont i nued) 129(a) 

· r;~:-~;;o~ FJur:-Eiome~~coun~;] 

., Final ~ 15402 ~ 54216 ~ 14391 : 
\1a.,.fit'Za.(fft~"'!'K.,;.~~-=---~.ielf"~~~~ 

~~~~~ 
~-0~~~ 
i FeAI at the interface «ithl 527 137782 I 1641 10.21 , 69.n 1 12.43 ; 

Fe2/l.l5 layer at the ~ 486 ~ 37217 R~ 1549 9,96 68,64 ~. II. 72 · 1 
vicinity of the t ripl e ~ 469 ~ 37329 153! 9,84 68,87 ~ 11. 59 
point CFeAI-Fe2A I5-81) ! 493 ~ 37043 ~ 1598 10.02 68 . 32 .·1 12. 11 

~ 518 i 37836 '- 1629 10,1 3 69.83 ~ 12.36 
~ g ~ u 

~ t P Po* i ~0 r\7 ,; I" !Ill ~ 

I 
~ 

1 · I 
~ ~ 

ln. R ~ (. 

~ I I I I 
I I I I I . I ! 
ij ~ ·~ ! ~ ~ d 
~- rJ· . L :, . ~ s fj . !l 3 
I~ r~ ri . . II j' 
J ~ "~ '-1 ; 

~: .... u,c.-.:~~.liV_..4_~,::.1U~~.uo:;~~~ :etWn..'ll'~~ ........ ...-a~ 

I 

* /\I obi-a i ned by a di ffe rence. 



130 

TABLE B. 2 

Mi croana lys is Data and Resu l t s tor the FeA I - ZnCAI. ) Equ i l i.bri um Speci men 

- -~ .• ..I- • 
\,,\J I I I I t iUVU.J 

Av. 

II 
' Sma i I part i c l e s o f da r k 
P phase i n z inc ma"tr i x aj 

z i nc in t er f ace 

Av. 

~ I I I 
~Phase o f I arge gra in s at 
~ i nte r face w i 1-h Phase I 

~ I I tJ (j, 

& I 131 

1
1129• 
1068 I , 107 

I 1319 
133 1 
1257 
1332 
1227 

I /...JUb f 

22 805 
22987 
232 19 
231 08 

. 21 633 
" 21752 
~ 2 16 76 

2 1530 
22776 

I /Y4 
1853 
1779 
1948 
1860 

1869 
1949 
1892 

' 1817 
185 1 

Backgr . 51 16 , 12864 
" 5089 ~ 1289 1 
.. 5155 al 2923 
" 4938 ~ 1 3088 

" 4986 ~. 1 29 70 
Av. M 

~ IV ~ 1348 225 77 ~ 1987 
~ Phi'.l se I I at t r ip I e poi n-t ~~· 1329 22302 ~ 1962 
~ wit h zinc and Phase Il l 1290 · 225 39 ~l 195 1 
d · - r 
~ Av. t ~~ 
~ ..... ........_.,~.W..f','l'!'lollll"~~.JnOW·>C.!~~~~-~....,,L)I~~~ho ..... Jf•ll,.."M4fr~~ftltA_I"; 

1 / , 80 
17.26 
17.10 
16 . 64 

' 17. 02 

44 ,07* 

2 1. 23 
2 1 . 86 
20. 22 
2 1 .25 
20.19 

45 . 85* 

4:L • 44 * I 3 . 5 I 

' :~ : ~~ j : ; : ; ; 
42 • 52 3 j 4 . 40 
42 • 39 ~ l 3 . 76 

42 . 27 ~ 13 .66 

40,27 ~ 13. 86 ~ 
R . ~ 

40 • 53 ~ I 4 • 40 ~~ 
40 • 2 4 H I 3 • 96 
40,09 ~ 13 , 46 
4o .3o s 13 .69 .

1
~.-

40. 2 8 ~ I 3 . 8 7 

8,59 ~ 87.99 I 
8. 51 ~ 88 • 04 ~ 

. 8,64 ~ 83 . 16 ~ 
8.27 1 89,09 ~ 

i 8.35 1 88 .28 i 

1
3.22* 8.47 88.31 I 

, 22 . 50 41 • I 4 ~ I 4 . 65 J1 

~ 22. 20 4 1. 54 11 14 . 48 

ij 
2 1 • 03 4 1 • 09 ·L~ I 4 . 42 . 

44.24* 4 1. 25 : 14 .5 1 
' ~ 
.. t.,w:M~IV~...,,:A.c!!"'~'''"·l!~~t"J!>"'~ -~aii.Ji'! • 



Tt\B LE B.2 -continued 

Phase Exami ned 

· v 
Phase I I at trip l e point 
with zi nc and Phase IV 

Av. 

VI 
Zinc at triple po i nt 

f 31 

Ra1~ I ntensity ( counts / sec) Ccmpos i -1- i on ( wt , ;l ) 

~I ·--:·· Fe -r-z:-
AI ~--~-~.--~--- -~------+-------

Backgr. 
11 

• 11 

48 !5 
4989 
4999 

12 918 
1287 1 
12953 

U n re I i a·. I e r es u I s 

I 

8 .24 88. 15 
8, 36 87,01 
8 ,38 88 , 22 

3,89* 8,32 87,79 

* AI content obtai ned by diffe r ence 
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TABLE 8.3 

~~ icroana lysis Data and Results tor the FeAI 2 -Zn Equi I ibrium Specimen 

r------·~~~~~~:;::·;7-;x<c::,~r«~=~:~ i ;~~~<~ ... ;-:%>-~] · r----r-··-~ 

1~~_::.::~::~~=~~-!!-~·~,,;=~~L~!~~~~J~·-~!~L!:~~~~~;,~~~Ri . i ' . 
I Backgr . 2947 ~ 7333 . . 8 . 13 · 89 .96 

~ ~arge grey gra ins at z inc " 3003 I 7375 I 8.29 ~90,5 1 
ij interface " 3048 7376 8 . 42 ~ 90.55 

~ A ' I 38* ~ 8 28 ~ 90 -·4 u v. ~ ~ • I . ~ .~ 

! I I ti I I 90 ! ')494. ~ 9fi7 I I 7 ' 7(-, I Ll () . 2;Q fl l7 7,7 
f! ,.... f f I • I ~ t f( 1 r. ......, r i ::; '? • -- "' ~ • 

iJJ•ildl t~iOitll,.l t:::::> UtUOi t'. fj i LVU I .JOUO ~ ":111 ~• I O, lJ.J f'+U,.)O a !L. , 41 

~ p hase in z i nc matr ix, at ~ 12 10 13305 1 993 18.04 ! 39,57 il l2.51 I zinc interface Av. I I I 47. 47* I 40. 10 1 12.43 

~ Ill · ~~· 1 230 14044 ~ 104 1 ~ 1 8 . 63 i 41 . 50 ~ l3. 54 
Phase II at triple point 1289 14020 ~ 1050 18.63 l 4 1. 37 f 13.65 
with zinc and Phase I 1254 i405 1 ~ 11 06 18.66 ~ 41. 65 i 14.37 

Av. 5 44.65* '41. 50 3 13.85 

Bl:. r i IV · Bac'<gr· 3051 7286 8.45 ~ 89 .37 
Phase at triple point ~ 111 

• 3097 725 1 8,59 !J 88 .98 
~" 3103 7267 8.61 ~ 89.16 I 2 .28* 8. 55 I 89. I 7 

IUnrell ab\ I 
· . I I 
I I I I 
I I . ~ ! I L_, ________ L_t __ [_L_.l___ 

Av. 

v 
Zinc at triple pcint 

* AI content obtain•:··rJ by di ffer.-:::nce 
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TABLE B , 4 

!1 ic roana lys is Data and Results for the FeA I2-Zn (AI) Equi I ib~ium Spetimen 

I 
~ 

Av. 

~ II 
~ Irreg ul ar ly shaped dark . 
! phase at z inc in te r face 

~ Av. 

~ 
~ 

·* ·A I content· obta i ned by di ff e ren ce 

15061 
15234 

154 11 ~ 
15435 

§ 

~ 15409 I 

45 1 20 . 17 42. 8~5 
451 21 . 20 43 .31 

41 • 94* 43.16 

1075 19,61 43.84 
1064 19 .53 43,91 
1060 19 .59 43 , 81 

44 . 62* 43.85 
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TABLE B.5 

~~ i cr·o<:m a l ysis Data and Results for the Fe
2

AI
5

-.zn Equ il i briurn Spe c imen' 

Av. 

Ill 
'Z i nc at tr ipl e po int 

I 

* AI content obta ined by d i fference 
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TAE3LE 8 . 6 

.. 

M i croana I ys i s Data csnd Res u I ts tor the Fe
2

A 1
5
-zn (A I) Equ i I i bri u~r Specimen 

~e E leme~::::.::_sec ) r- · 1\l Fe Zn 
f"*>'lLi'' -·-~· ~-~ 

l Initi a l 1424 1 37730 10031 

Fi na I · , 13972 . 37760 1135 
~~~~~~~......-: 

* A I content obtai ned by d i ffer·encc 
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TABLE 8 , 7 

Microanalysis Data and Hesults for the FeA1
3
-Zn(AI) Equi I ibr'ium Specimen 

-

p ity 
AI 

A J'P""'C"'M'4',.,...,._. .. ~~~ 

In it i a I I 
153 16 

Fi nul 15452 
' 

·Origina l FeAI
3 3345 

3284 
3297 

I 
I 
l 
I 
~ 
b 
~ 

~ 

~ I O:J':i 

~1 1 804 
1599 
1783 

~ 

~ I l_, ____ ...,..,_ ... ___ ..,....-....,.~~ 
* AI content obtained hy d'1 fL 

. • u ' erer,ce 

I 

of Pure 

Fe 

34696 

34784 

I451L 
14091 
14008 
141 94 

Elements (counts / sec ) I 

64 1 
867 

1062 
789 

Zn 
:E.!ID~ 

13565 

13398 

. 2:5 .69 
24,87 
23,08 
24 . 52 

53 .98* 

39 ,60 
38,91 
38 ,62 
39 ,22 

39 , 44 

5,04 " rJ ~ 
~ 

6,81 ~ , 
8 -;;tl I ~ 

• - < 

6,20 

~ 6,58 
" 

i 
a 

I \' 

i 
I 
I! 

i 
~ 



APPEND I X C 

RESULTS OF X-F-<AY DI FFRACT I ON ANALYSiS 
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TABLE C.l· 

The Dif fraction Li nes of the Powde red Compound FeA I2 for 5° .< 8 < 25° 

[a Spacing of d In tens ity 
(counts/sec) 

K I K K 
al a2 a 

I 
19 . 07 ' 4. 670 60 

19,67 4.51 20 

21. 15 4.20 42 

22.29 3.988 18 

22.44 3,958 20 
22 .50 3,958 17 

23.23 3,828 19 

l 24 . 4! 3 .643 ' 40 
24.48 3 .642 50 

24.93 3,568 61 
25.00 3 ,567 30 

25 . 35 3,513 40 

26 ,82 . 3. 321 21 
26.91 3. 318 26 

27 .00 3.299 10 
27 .I 0 3 ,295 19 

32 .62 2. 742 12 
32 .71 2. 742 10 

38,90 2.313 20 
39 ,00 2 .313 15 

41.46 2.176 28 
41 .57 2 .176 II 

42.81 2 .11 0 108 
42 . 90 2 .Ill 110 

42 .99 2.102 11 6 
43 . 10 2 .102 68 

-~rr ••--
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Table C.! (continued) 

0 

· Spacing d(A) Intens ity 

28 
<counts/sec) 

K I K K 
al (l2 . a 

43. 66 2 .08 67 
43.56 2 ,081 67 

43.76 2,066 178 
43.87 2.067 140 

44.15 2 .049 98 ' 

44.24 2.050 92 

44.56 2.031 80 
44·.68 2 ,031 71 

44.91 2 .016 46 

' 45.02 2 .016 50 

-=-=·--=J 
' 

. - . ·~- ---~---~--............-
.... _ ·- -- -
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TA8LE C.2 

The Diffraction Lines of -t-he Powdered Compound Fe
2

AI 5 for 5°< "0 <25° 

0 

ze Spacing d(A) Intensity - ( counts/ sec 
K . K K 
al a2 a 

. 
18.09 4,899 80 
18 . 14 4 . 898 80 

23.33 3.809 180 
23.38 3.81 I 140 

27.90 3.195 271 
28.95 3.197 266 

38.02 2.364 39 
38 .1 2 2.364 35 

42 .70 2. 115 322 
42 .80 2.116 218 

42.98 2.102 242 
~ 7 ("\() ~, r'\f"'l "., I A ..-, 
'-f.J.VV ~- • V ~ I ' -r.o~_ 

43.93 2.059 233 
44.02 2.055 299 

47.00 I .936 46 

47.85 I. 904 21 
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TABLE C.3 

0 0 he Diffr~act ion Lines of the Powdered Compound FeA I 3 for 5 < 8 < 25 

~ 0 

Spacing d (A) Intensity 
26 (counts /sec ) 

K • K K 
a, a2 a 

18.08 4 .906 60 

21.98 4.043 25 ' 

22.44 3.958 15 
22.50 3,958 21 

23 .26 3.820 70 
23.32 3,820 57 

24.14 3.683 15 
24.19 3,685 20 

25.10 3 .533 

I 
60 I 25 .20 3 .532 45 

L.O , / ;J :; • _u.;; • 7 f 

' ""' I 26.81 3 . 329 II 

27.32 3.261 10 I 27.39 3.261 12 

27. 80 3.206 110 
27.86 3.207 123 

37.97 2.367 II 
38.09 2.366 10 

38 .31 2.349 5 

39.83 2.26 ! 9 
39 . 94 2.260 15 

41.83 2,159 12 

42.60 2.120 174 
42.70 2.1 2 1 172 

43. 17 2.093 65 
43 • .33 2 ,091 31 

43.80 2.065 170 
43.90 2.065 99 
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Table C.3 (continued ) 

0 

Spacing d(A) In tens ity 
28 K . K K 

(counts/sec) 

ex I (l2 (l 

44.04 2,056 95 

44 .41 2.039 68 

44.95 2.019 85 

46.73 I. 942 22 
46.87 I. 941 21 

47.50 I. 912 II 
47.62 I ,912 15 

- ----
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TABLE C.4 

The Di ffraction Lines Obta ined from -the Stripped Galvanized Samples 
Produced a-t Condi-tions In dicated 

Ba-th I , I 0 sec. 
~~~-. 0 

Spac ing (A) Intensi-ty 
(counts/sec) 

28 K K K 
al a2 a 

13.99 6.33 40 

49 . 97 3 .1 87 15 
28 .64 3.187 18 

4 1 .67 2.167 15 

44 .73 2 .024 60 
44. 8 1 2 ,025 73 I 

~ 
I 

·w•c z o:o&m."l~·-J. 
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TABLE C.5 

The Diffract ion Lines Obtained from the Stripped Ga lvan i zed Samples 
Produced at Conditions Indica ed 

Bath I, I min . 

I 
0 

Sp acing d(A) Intens ity 
(counts/sec) 

28 K K K 
al a2 a 

23.33 3.812 24 

23.41 3,799 24 

27.82 3.204 69 
27. 93 3,200 38 

42 . 41 2.1 29 27 
42 .48 2.131 24 

44.73 2 .024 
" 

35 
-e I! .1 R I I ' ? . ()? '1 ~ { l / t 

l_._.-, ----+--two_. -·-~= '-" "'"""'""'-" ---• --J,.,l..,.. __ -J..L ___ ,. _ _j 
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TABLE C.6 

The Diffraction Lines Obtained from the Stripped Galvanized Samples 
Produced at Conditions I nd icated 

Bath I, 3 min, 

0 

Sp ac·i ng d(A) Intensity 

2o (counts/sec) 

K K K 
al (12 (1 

""'" ... 

27,90 3. I 95 32 
27,96 3.196 15 

41.05 2.198 30 

41.76 2. 161 23 
41.82 2 . 163 18 

42,29 2.135 178 
42,36 2.137 !52 

• A _, ...,. ! l I ...., 
~"""\ ....... /'i ..., " r 



-
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TABLE C.7 

The Diffraction Lines Obtained fr·om -t-he Stripped Galvan.ized Sam·ples 
Produced at Conditions Indicated 

Bath I 10 min 
' . 

~ . Spac ing d(A) In -t-ens ity 
( counts/sec ) 

28 
1/ K K 

at (X2 (X 

-- XU~~ 

32.64 2.741 15 
32.73 2.740 21 

36.33 2.472 700 

39.02 2.306 568 
39.10 i 2.307 290 

41.09 ' 2.196 140 

41 .49 2.176 ' 52 

..j.j . 51 
~ » l 

L • I -;x:; 

l 
~ 

~ I V \1 

41.98 2. 155 80 

42.27 2.133 550 

43.27 2.090 "'700 

54 .35 I .685 4!0 
54.48 I .627 198 

I 
• I 

I 
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TAB LE C.8 

The Diffract ion Lines Obtained from 1-he Stri pped Galvan·ized Samples 
Produced at Conditions Indi cated 

Bath I I, 10 sec. 

28 

13.86 

14. 18 

15.36 

2 1 .25 

23 . 35 

?11 I ? 

27.87 
44 .70 
44.80 

. 

K 

2.024 

0 

Spac ing d(A) 

K 
al a2 

2.026 

K 
a 

6.38 

6.245 

5.768 

4.1 81 

3 . 809 

·, , AH LJ 

3 .20 1 

In tensity 
(counts/sec ) 

21 

25 

21 

10 

13 

lh 

30 
91 
64 

' 



' 
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TABLE C.9 

The Dif fracti on Lines Obtained from t he St r ipped Ga lvanized Sampl es 
Produced at Conditions Indicated 

Bath I I , I m i n • 
u 

Spac in g d(A) . Intens ity 

I 
(counts/sec ) 

2G I 

K K K ' 

(ll Ciz (l 

' 

13.84 6.393 33 

13.88 6.390 32 

22 .35 3.977 30 

23.33 3.812 14 

27.89 3.198 20 

28.10 3.175 II 

I 4/ , 4R 2.127 24 

43 ,82 2 .064 20 

44 . 00 2 .06 1 II 

44.68 2.026 25 

44.75 2,028 30 

46.70 I ,945 14 
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TABLE C,I O 

The Diffraction Lines Obta ined from the Str ipped Galvanized Samples 
Pr·oduced at Condi ti ons Indicated 

Bath I I , 3 min. 
. 

0 

Spac ing d{}\) Intens ity 

28 
(counts / sec ) 

I< K I< 
a l a2 a 

. 13. 98 6,334 28 
14.27 6,206 18 

22.36 3.972 40 
22.41 3.973 53 

23.38 3,801 55 
23 ,45 3.799 55 

27.86 3. 199 

I 
62 

27.95 3. 197 53 

f . .., " 
'+L , '+I L • I LO 

I 
I ~ l 

42.56 2. 127 70 

43.63 2,074 25 

43.87 2.062 30 
44,00 2,061 30 

44 .75 2.023 13 
44.84 2,024 13 

47.92 1. 898 10 

' 
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TABLE C. ll 

The Diffraction Lines Obta ined from t he Str ipped Gal variized Sa~ples 
Produce d at Cond it ions Indicated 

Bath I I , I 0 rn i n, 

0 . 
Spac ing d{fl, ) Inten s i t y 

2e 
(counts/sec) 

K K K a, CJ, (l 
L. 

22. 37 3.970 42 
22.44 3 . 968 26 

23.35 3 ,809 I I 

48 ,07 1.890 12 
48 .1 4 I , 893 14 

TABLE C. l2 

The Dif f raction Li nes Obta i ned from t he Strip ped Ga lvanized Samples 
Prod uced at Cond i t ions Ind icat ed 

Bath I I , 30 rn in. 
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TABLE C.l 3 

The Di ffraction Li nes Obtained from the Stripped Galvanized Samples 
Produced at Conditions Indicated 

Bath I I I 10 sec . - v 

' Spacing d(A) In tensit y . 
(counts/sec) 

2B 

I< K K 
al a2 a 

23.40 3.801 19 

26 . 75 3.329 I 
26 .84 3,327 13 

27 .85 3. 203 27 

43 . 77 2.063 24 

44.66 2.027 90 
44.79 2 .026 70 

TABLE C. l4 

The Diffract ion Lines Obtained from i·he Stripped Ga lvanize d Samp les 
Produced at Conditions Indicated 

Bath Ill , I min. 

-
16.80 5.277 10 

18 .01 4.922 15 
' 

23.37 3. 806 23 

27.85 3 .200 52 
27.93 3.199 19 

42 . 40 2.130 45 
42 .so 2.130 29 

42.72 2 .I 16 12 

43 .76 2 .066 22 
43 . 9 1 2 .065 12 

-
44.68 2.026 14 
44.78 2 .027 14 

................ 
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TABLE C. l5 

The Diff rad ion Li nes Obta i ned from the Str ipped Ga lvani zed Samp les 
Produced at Cond ition s In dicat ed 

Bat h I I I , 3 mi n. 
0 

. Spac ing d( A) I ntens i-r-y 
(counts/ sec ) 

26 

K K K 
al a2 a 

18.00 4 .927 14 
23 , 32 3. 8 14 135 
27 . 81 3 .207 122 

42.40 2 .1 30 202 
42.50 2.1 30 11 2 

42 . 73 2.11 6 133 
43.60 2.075 95 
43,83 2.065 188 

44 .65 2. 027 30 

·-- -,r, '"' .,.., 1: r -
""'tU t l.f- ' • ';/6-tL. _,-' 

46 . 82 I. 943 42 

47.18 I . 924 28 
47.22 I .928 28 

' 
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TABLE C.l6 

The Di ffraction Lines Obtained frOm the Stripped Galvani ze d Samples 
Produced at Cond it ions Indicated 

Bath I I I 10 min. , 

14. 30 

23 . 37 
23.39 

27.85 
27.94 

42 .47 
42.59 

42. 8<1 
A ~ ("'A 

J ~L, ;>U 

I 43.92 
. 44.08 

. 
2e 

K 
at 

3 .819 

3 ,200 

2.1 26 

2 .I 09 

2.059 

0 

Spacing d(A) 

K 
a2 

3 . 809 

3 .198 
J 

2.126 

') I I I I 
2.057 

K 
a 

6.193 

I . 940 

Intens ity 
(counts/sec) 

10 

8 
10 

42 
20 

45 
10 

97 
cr: 

41 
9 

25 I 46.82 

-~....~.....r...----&.--.,..,.,_,..__ 
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TABLE C ,17 

The Diffract ion Lines Obtained from the Stripped Galvan ized Samples 
Produced at Conditions Indicated 

Bath I I I, 30 min, 

. 0 

Spacing d(A ) In tens it y 
{ cotm ts / sec) 

28 

K K K 
a., Ct2 a 

14. 29 6. 197 33 

23.27 3 ,819 20 
23 , 37 3, 812 30 

24.94 3,567 12 
25.09 3,549 15 

44,81 2,022 30 

I .924 28 f 47, I R 
I • ,... ., ,.... " t C 

'+J,LU I r.:u .. v ,, 

~--~-----~---~--.~-· ____ j 
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TABLE C, 18 

The Diffr·action Lines Obt a ined from t he Stripped Ga lvanized Samp les 
Produced at Conditi ons Indicated 

Bath IV, 10 5ec. 

0 . Spac ing d{A) Intens ity 
{ cou nts /sec ) 

2e 

K K K 
0.1 0.2 a 

-
22.58 3.937 20 
32 . 70 2.738 13 

34. 95 2.564 18 
35.00 2.567 21 

40.91 2.205 20 

43.20 2 .092 12 
43.30 2.093 15 

44.75 2 .023 66 
AA Q&; ,., , . ..., ()') ";( 

, t ... . ...., ~ ... """' .., , ' e 

-----------1--------,--~----~--------------~l-------~J 
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TABLE C.l9 

The Diffraction Li nes Obtained from the Str ipped Ga l vanized Samples 
Produced at Condit i ons Indicated 

Bath I V, I min • 

. 0 

Spa~ing d(A) Intensity 

2e 
(coun ts/sec) 

K K K 
a I (l2 (l 

23,37 3 . 806 17 

27.79 3,207 22 
27 ,88 3,205 15 

I 

41 ,05 2.1 98 16 

42,41 2.1 29 I 18 
42 .53 2 .129 20 

43,75 2.061 25 
rz. Q"l. ? n,::;Q -z.,::; 
'- • 'J-' ~- . -'-'V 

43.96 2,059 22 

44 ,69 2,026 30 
44.77 2 ,027 28 

44.86 2.020 22 

45 , 75 I. 98 1 8 
45 ,83 I. 983 19 

47 .80 I . 902 20 
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TABLE C.20 157 

The Di ffract ion Li nes Obta ine d from the St r ipped Ga lvan i ze d Samp le s 
Produce d at Condi t ions in d icated 

Bath IV, 3 min. 

l 0 

Spacing d(A) Inte nsity 

2e 
(counts/sec) 

K K K 
a! (X2 (X 

23.30 3. 817 82 

27.77 3.209 170 
27.84 3 .209 176 

38. 03 2.366 18 

42 . 43 2.127 210 
42 .56 2 .l 28 161 

42 .70 2.11 5 375 
42 80. 2 I !6 -~,4 5 

43.26 2.091 35 

43.79 2 .065 142 
43 .89 2.066 194 

44.72 2 . 026 29 

46 .73 I. 942 112 
46.87 I • 941 69 

47,64 I. 908 23 

I 
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TA BLE C.21 

The Di ffracti on Lines Obta ined from the Stripped Galvani zed Sampl es 
Produced at Cond itions Indicated 

Bath I V, I 0 !':': i n. 

0 . Spac ing d (f\) Intensity 

26 1" ·-- (counts / sec) 

K K K 
al a2 a 

~-------.....-.:r. 

14.06 6 .298 21 

14. 19 6.241 27 

18 ,08 4,902 II 

18. 13 4,900 II 

23.40 3,801 48 

27 . 84 3,201 84 

27,93 3. 199 28 

38, II 2. 361 28 

42.45 
; 2 . !26 

' 
!40 

f. a 

42,79 2 .I 13 230 

43.19 2.092 27 
43.36 2.090 28 

43.66 2,071 60 
43.75 2.072 80 

43.80 2.065 105 
4:S. 87 2.067 105 

46.73 I ,942 70 
46 , 85 ! • 942 39 

51 .52 I. T/2 13 
51.75 1.769 12 

TABLE C.22 

The Diffraction Lines Obta ined tn:xn the Stri pped Gal vanized Sampl es 
Produced at Conditions In d icate d 

Bath IV, 30 min. 



159 
TA BLE C,23 

Th-:.1 Diffraction L i nes Obta ined from the St ri pped Ga lvani zed Samples 
Produced at Conditi ons Indicated 

Buth V, I 0 sr-c, 

0 . d(A) Intensity 
-, 

Spacing 

~" 
(counts/sec) 

L -
'f. 20 1'-

23 

25 
25 

27 
27 

39 
39 

41 

. 26 

.04 

. II 

, 85 
. 90 

• 8 1 
, 86 

. 37 
I ' I u : 

-y l • ~-

42.58 

44 .68 
44.79 

46 . 80 
46 . 88 

52 .. 06 
:52. I 5 

54.78 

57,80 
57. 84 

65,05 

26 

K 

' 
a t 

__."",.:. 

~ 
I 
f. 3.553 I 

3 ,200 

i 2.262 

i , 2.180 

2.026 

I ,939 

I. 755 

I. 593 

K K 
(J,_) a 

"-

~- ·--
6,236 10 
3.824 16 

25 
3,552 !5 

48 
3, 203 17 

7 
2,265 

. 
2 

I 
t !8 

..., ' 0 1 <:; I 
,.:.... c I ....., , 

j 2, 123 20 

42 I 2 ,026 23 

18 
I. 941 4 

8 
I. 756 2 

I. 704 II 

10 
I .596 II 

I ,433 600 
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TABLE C.24 

The Di ftract ion Li nes Obtai ned from the Str i pped Ga I van i zed Samp l es 
Produced at Cond i tions I nd icated 

Bath V, I min. 

17.98 

23 .1 0 
23.14 

23.20 
23,26 

27.76 
27.80 

42 .60 
tL. • IV 

43 . 78 
43.89 

44 . 65 

46 . 6 1 
46 .75 

47 . 77 
47 . 85 

2e 

3 . 847 

3,830 

3.2 10 

2 .1 20 

2 .066 

I. 946 

I. 902 

0 

Spacing d (A) 

3.849 

3. 8:50 

3.214 

2,066 

I. 946 

I . 904 

K 
ex 

4. 933 

2. 029 

Intensity 
( counts/sec) 

!8 

25 
18 

25 
16 

102 
10 1 

236 
'JIR 

11 9 
70 

6 

40 
17 

10 
8 
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TABLE C, 25 161 

Tho Diffraction Lines Obtained f rom the Str ip ped Gal van ized Samp les 
Produced at Cond itions Ind icated 

Bath V, 3 min. 

0 1-. 
Spacing d(A) Intens ity . 

2e 
(counts/sec) 

K K K 
a. I cxz ex 

14.20 6,236 10 
20,91 4.248 12 
22,05 4,031 22 
23,20 3.833 42 
27,74 3.215 121 

32 , 46 2, 755 4 
32,52 2,757 16 

35 , 96 ' 2 ,495 18 
36.08 I 2,493 17 

p I 
39 , 70 2.27 13 

41 ,35 2.183 19 

42,58 2.12 1 500 
42.64 2.123 520 

43,14 2,095 190 
43.27 2 ,094 106 

43,70 2,069 130 
43 ,79 2,070 155 

44.91 ' 2.018 II 

46,66 I ,946 63 

I 
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TABLE C.26 

Tha Diffraction Lines Obtained From the Stripped Galvan' i zed Samples 
Produced at Conditions Indicated 

Bath V, I 0 min. 

"' 0 . Spacing d{A) Intensity 
(counts/sec ) 

2e 

K K K 
a l (l2 (l 

23.20 3,830 43 

23.26 3,830 23 

24 . 10 3.689 8 

24. 15 3,691 10 

27.74 3,213 106 

27,82 3.212 22 

28,28 3. 155 10 

41 . 18 I 
2, 190 I 10 

41 , 27 2.1 91 10 

42.43 2 .1 28 175 

42 .63 2,124 380 

43. 14 2.095 18 

43 .21 2,097 24 

43.71 2,069 162 

43.80 2.070 162 

44.69 2,027 5 

46 .60 I. 947 78 

46.75 I. 946 58 

51.48 I. 773 16 
51 .58 I. 775 16 
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TABLE C.27 

The Diffraction Lines Obtained From the Stripped Ga lvanized Samples 
Produced at Cond i i· i ons Indicated 

Bath V, 30 min. 

0 . 
Spacing d(A) Intensity 

2e 
(counts/ sec ) 

K K K 
al a2 a 

22.47 3,953 13 
22 . 55 3.949 I 13 

23.26 3,824 73 

27.79 3.210 115 

41. 74 2. 162 I 
12 

41.79 2 .165 12 

42.55 I 2. 122 180 
42.68 2. 121 330 I 

I 

43.73 2 . 068 250 
43 ,82 2.069 228 

46.64 I. 945 71 
46.73 I. 947 8! 

47.71 I. 904 20 
47.76 I. 907 25 

41.66 I. 767 26 
51.83 I. 766 18 

60.36 I .532 22 
60.40, I .535 24 
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Fl gu re I. ( I ) 
T~e i ron-z inc binary system, af te r Hansen • 



Figure 2. (5) The iron-zinc binar·y system afte r Horst mann and Peters 



F. 3 Th . I • b" f (I) · t.gure • e tron-a , umtnum tnary -system a ter Hansen • 
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Fl gure 5. The aluminum - z i nc oinary system after Shunk ' 49 ). 
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Figure 7. The tentative Fe-Zn-A I ternary i sotherm at 450°C, after 
Cameron and Ormay<29). 



Figure 8'. 
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Magnified zinc corner of the tentati ve Fe-Zn-AI t erna r y 
isot herm at 450°C after Cameron and Ormay<29). 



Figure 9. 
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Figure I I. Cros s-seci· ion of the apparatus used for I iquidus de termina t i ons . 
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Figure 12. X- ray diffr·action by a flat specimen. 
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Fi gure 13. Di ffractometer us ing a flat specimen \vith the Bragg-Brentano 
para-focusing geometry. 



Figure 14. The microstructure of FeAI-Zn equilibrium specimen (230X). 



Figure 15. The microstructure of FeAI-Zn(AI) equilibrium specimen (230X). 



Figure 16. The microstructure of FeA1 2-zn equilibrium specimen (230X). 



Figure 17. The microstructure of FeAI 2-Zn<AI> equl librium specimen (230X>. 
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Figure 18. The microstructure of Fe2AI 5-Zn equl librium specimen (230X). 



Figure 19. The microstructure of Fe2AI 5-Zn(AI) equilibrium specimen (230X). 



" 

Figure 20. The microstructure of FeA1 3-Zn(AI> equilibrium specimen (230X>. 
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Figure 210 Microstructure developed on iron galvanized zinc bath 

containing 0015 wto% AI; immersion time I min; agitated 

( 1140X) o 



3 

Figure 22. Microstructure developed on Iron galvanized in zinc bath 

containing 0.15 wt.% AI; immersion time 3 min; agitated 

( 1140X). 



Figure 23. Microstructure developed on iron galvanized in zinc bath 

containing 0.22 wt.% AI; immersion time 3 min; no agitation 

( 1140X). 
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,. . . 
. . 

Figure 24. Appearance of the iron-zinc interface unattacked and with 

growing blue-grey phase. Bath containing 0,32% AI; 

immersion time 3 min; agitated (I I40X), 



Figure 25. Microstructure developed on iron in zinc bath containing 

0.22 wt.% AI; immersion time 10 min; agitated (1140X). 
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• 

Figure 26. Microstructure developed on iron galvanized in zinc bath 

containing 0.22 wt.% AI; immersion time 15 minutes; agitated 

(1140X>. 



Figure 27. Microstructure developed on iron galvanized in zinc bath 

containing 0.32 wt.% AI; immersion time 10 min; no agitation 

(I 140X). 



Figure 28. Microstructure developed on iron in zinc bath containing 

I .10 wt.% AI; immersion time 10 min; no agitation 

(1140X). 



IRON 

Figu. e 29 , Schemat-ic microstructure developed on iron ga l vanized i n zinc 
b<:r 'h conta ining 0,22 ~·1t, % AI; i mme rsion time 30 min ; agitated 
( 230X) . 



Figure 30. Microstructure developed on iron ~a l vanized in zinc bath 

containing 0.22 wt.% AI; immersion time 30 min; agitated 

(230X). 



Figure 31. Microstructure developed on iron galvanized in zinc bath 

containing 0.32 wt.% AI; immersion time 30 min; agitated 

(230X). 
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450°C. 
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Figure 33. Summarv of t he constitut ion diagr<rr of t he Fe - Zn - AI system 
at 450°C. 
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