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The reaction between aluminium, and iron containing a range of oxygen and nitrogen up 
to 0.08% and 0.009% respectively, has been investigated. The kinetics of the early stages 
of intermediate phase formation have been determined using quantitative metallography, 
and the results are presented as T - T - T  curves. The rate of reaction to form intermediate 
phases is shown to decrease with increasing oxygen and nitrogen content. In the later 
stages of intermediate phase growth, the nature and identity of the phases have been 
established using X-ray diffraction, optical and electron metallography. In the low oxygen 
and nitrogen specimens a mu Itiphase layer of 0 (FeAI 3 ), r/(Fe2 AIs ) and ~ (FeAI2) phases 
develops. In the high oxygen and nitrogen specimens no r/(F%AIs) or [(FeAI2) is 
present, but a thin layer of 0 (FeAI 3) forms at all temperatures up to 6 4 0  ~ C together 
with the spinel FeAI204 and possibly the oxy-nitride 6AI203/AIN. Simple bend tests 
indicate that when the layer at the interface consists solely of iron-aluminium inter- 
mediate phases the bonding is poor. When the layer is 8 (FeAI3) together with ceramic 
phases as in the high oxygen and nitrogen specimens, bonding is good and the aluminium 
is still adherent even after 1000 h at 640 ~ C. It is also shown that the accelerating effect 
of cold work on intermediate phase formation is suppressed by increased oxygen and 
nitrogen content. 

1. Introduction 
The bonding of aluminium to iron is important in 
several industrial processes, for example the manu- 
facture of aluminium composites [1], the friction 
welding of  anode assemblies in aluminium smelters 
[2], and more widely in protective coatings [3]. 

In the solid state coating processes, while heat 
treatment is necessary for a good bond, poor 
bonding results from excessive heat treatment due 
to extensive interdiffusion and the formation of 
a layer of brittle intermediate phases, usually 
termed "alloy". It is well established that the 
phases that make up this "alloy" layer, in common 

with diffusion couples between o ther  partially 
soluble metals, are those that occur in the equi- 
librium diagram [4]. Intermediate phases may also 
form during friction welding unless conditions 
are carefully controlled. In the hot-dipping process 
and some methods of composite manufacture 
[18], the intermediate phases grow as an inherent 
part of the process, and hence of the bond. 

Additions to either aluminium or iron may 
affect the rate of interdiffusion, leading to in- 
creasing complexity of diffusion processes, and 
possible changes in phase relationships. For 
example, silicon has been shown to retard the rate 
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of growth of intermediate phases whether in 
aluminium [5] or iron [6]. In the hot-dipping 
process it is established practice to add silicon 
to the aluminium bath to reduce the rate of 
thickening of the brittle "alloy" layer. 

The effect of oxygen and nitrogen has not 
been studied extensively, although Canning 
et al [9] and Bullough [10] have indicated the 
value of a layer of oxide on the iron substrate 
prior to coating with aluminium. Russian workers 
[12], however, have recently discussed the role 
of oxygen in commercial steels clad with alumi- 
nium, in terms of the formation of a layer of 
Al2 03 at the interface which inhibits the growth 
of intermediate phases. Nitrogen has also been 
observed [10] to limit the growth of intermediate 
phases, but no explanatory reaction mechanism 
has been put forward. 

In the present work, the role of oxygen and 
nitrogen on the formation of intermediate phases 
and subsequent bond strength is discussed in terms 
of a reaction mechanism involving ceramic phases. 

2. Experimental 
Vacuum melted iron ingots, containing differing 
amounts of oxygen and nitrogen, were hot-rolled 
and finally cold-rolled to 0.9 mm strip. After an- 
nealing at 700~ for 3h in a 95% Ar/5%H2 
atmosphere, the surfaces were prepared for coating 
by scratch brushing, degreasing in com- 
mercial sodium orthosilicate and pickling in 5% 
HNO3. High purity and commercial purity alu- 
minium powder were then roll bonded to the 
strip with a rolling strain of 18 + 2%, and finally 
sintered at 390~ for 15h in a 95%Ar/5%H2 
atmosphere. 

Coupons, 25 mm• 10 mm, were cut from the 
coated strip, heat-treated in a vacuum of 10 -2 mm 
Hg at temperatures in the range 500 to 640 ~ C for 
times up to 1000h and then quenched into water. 
Samples for studies of the kinetics of the early 
stages of alloy growth were heat-treated in a silica 

TABLE I Iron alloys for coating 

Code Carbon (wt %) Nitrogen (wt%) Oxygen (wt%) 

A 0.004 0.004 0.056 
B 0.003 0.007 0.046 
C 0.005 0.009 0.082 

Typical analysis (wt %) of aluminium powder for coatings: 
High purity: 99.99 (AI), 0.005 (Si), 0.005 (Fe). 
Commercial purity: 99.74 (A1), 0.07 (Si), 0.15 (Fe), 

0.004 (Mn), 0.032 (Zn). 
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tube, evacuated to 10 -2 mmHg. The furnace, 
preset to a given temperature, was drawn along 
rails over the tube and after the requisite time 
withdrawn, air admitted into the tube and the 
samples tipped into water to arrest the reaction. 
After removal of unreacted aluminium using 
10% sodium hydroxide, the progress of the re- 
action at the iron-aluminium interface, that is, 
the area of "alloy" coverage, was measured on 
a quantitative television microscope with an 
epidiascope attachment at a magnification of 10• 

For each series of heat treatments a cross- 
section and a taper section from the same speci- 
men were prepared for metallographic examin- 
ation. The taper sections were made by adopting 
the simple procedure of bending a coupon to 
approximately 90 ~ and preparing the surface in 
plan. By this means a section through the coating 
is achieved at a very acute but indeterminate angle 
near the bend. Although it is essential to know this 
angle to calculate the magnification, its magnitude 
is not vital in this particular application as the 
technique was adopted merely for the resolution 
of the constituent phases of the "alloy" layer. 

All samples for metallographic examination 
were ground on paraffin lubricated silicon carbide 
papers, polished on diamond paste followed by a 
and then 3' alumina. They were etched initially in 
2% nital and then in 0.5%HF. Specimens were 
examined by optical microscopy and in selected 
cases by electron microscopy using carbon replicas 
on plastic shadowed with germanium. 

Powder for X-ray diffraction was scraped off 
the specimens after unreacted aluminium had been 
removed with NaOH. These scrapings were then 
loaded directly into a glass capilliary without prior 
sieving. A l14.6mm diameter Debye-Scherrer 
powder diffraction camera was used with CoKa 

radiation at 30kV 10mA. A simple bend test was 
used to indicate bond strength. 

3. Results 
The nature of "alloy" growth in specimens A and 
B after removal of unreacted aluminium can be 
seen in Fig. la and b. At these temperatures the 
low oxygen/nitrogen specimen, A, develops the 
familiar pattern [7] of discrete islands and pre- 
ferential edge growth of intermediate phases 
Fig. l a. In contrast, the high oxygen/nitrogen 
specimens, B and C, have an irregular patchy 
coveting which is so thin that it is difficult to 
obtain enough scrapings for an X-ray photograph. 



Figure 1 Optical micrograph of plan view of iron interface after chemical removal of aluminium. (a) Specimen A, 
80rain at 562 ~ C, showing preferential edge growth, top and botton of the micrograph. (b) Specimen B, 120h at 
551 ~ C; absence of preferential edge growth. 

No preferent ia l  edge growth is observed in these 

specimens. Heat  t rea tments  in excess o f  1 0 0 h  

brought  li t t le change in the appearance o f  this 

" a l l oy"  layer,  Fig. lb .  At  tempera tures  above 

560 ~ C the high oxygen /n i t rogen  specimens 

develop an " a l l o y "  layer wi th  no preferential  

edge growth.  This layer is black and th ick  enough  

to readily ob ta in  scrapings for  X-ray photographs.  

Values for the T - T - T  curves, Fig. 2, were ex- 

t rac ted f rom graphs o f  percentage t ransformat ion  

versus log t ime.  The percentage t ransformat ion  

represents areas o f  black " a l l oy"  measured on the 

Quant imet .  As in all nuc lea t ion  and growth  pro- 
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Figure 2 Time-temperature-transformation diagram 
comparing the rates of "alloy" formation in samples A, 
B and C, measured as 50% coverage of the iron-alu- 
minium interface. Iron substrate: Specimen A, 0.004% N 
and 0.056% O, circles; specimen B, 0.007% N and 0.046% 
O, squares; specimen C 0.009% N and 0.082% O, triangles. 
Aluminium coating: open symbols, 99.99% pure; shaded 
symbols, 99.7% pure. 

cesses, the beginning and end of  the t ransform- 

at ion cannot  be de termined  precisely,  so tha t  5% 

to 95% are of ten  taken as the start  and finish o f  
the reaction.  To determine even these percentages,  

a large n u m b e r  o f  specimens are needed  to clearly 

define the tails o f  the sigmoidal curves o f  the 

percentage t r a n s f o r m a t i o n - t i m e  plots f rom which 

TABLE II X-ray diffraction data from specimen C 480 h 
at 640 ~ C. CoKc~ radiation. 

Measured JCPDS 

Intensity* d-spacing d-spacing Phase 
(A) (h) 

vw 4.34 
w 4.07 4.05 0 
w 3.98 3.95 0 
w 3.69 3.68 0 
m 3.53 3.54 0 
w 3.34 3.33 0 
w 3.05 2.95 F% 03 
w 2.52 ~2.54 6AI~ O3/AIN 

/2.52 Fe203 

w 2.45 ~ 2.48 6 AI 2 03/AIN 
{2.45 FeAI 2 04 

m 2.34 2.34 0 
vw 2.27 2.25 0 
vw 2.16 2.16 0 
w 2.11 2.12 0 
m 2.09 2.09 0 �9 Fe 20~ 
vw 2.05 2.06 0 
s 2.03 2.04 0 �9 FeAI 2 04 
w 2.00 2.02 0 �9 FeAI 2 O4 

1.97 6 AI 2 03/AIN 
vw 1.95 /1.93 0 

vw 1.81 1.80 0 
w 1.45 1.45 0 
s 1.43 1.43 0 �9 FeAI 2 O4 

*Key: s -- strong, m = medium, w = weak,vw = very weak 
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Figure 3 Optical micrographs of 
taper sections of the iron-alu- 
minium interface; (a) specimen 
A, multi-phase "alloy" layer, (b) 
specimen B, single phase "alloy" 
layer. (• 300). 

the T - T - T  curves are extracted. In the present 
investigation the number of specimens was limited, 
and 50% coverage was chosen to assess the effect 
of the oxygen/nitrogen additions on the early 
stages of "alloy" formation prior to thickening. 
Open points represent samples coated with high- 
purity and shaded points commercial-purity alu- 
minium. The melting point of aluminium, 660 ~ C, 
indicates the change from solid state to liquid state 
reaction. 

The d-spacings calculated from X-ray diffrac- 
tion powder photographs of the high oxygen/ 
nitrogen sample, C, heat-treated 480h at 640~ 
are listed in Table II. d-values (JCPDS) of the 
0 (FeA13) phase and the spinel, hercynite, FeA12 04 
are listed. Other lines have only tentatively been 
accounted for by the phases Fe203 and 6A1203/ 
A1N. The similarity in their d-spacings indicates 
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the need for a focusing camera if the lines are to 
be resolved. One very weak line, d =  4.34A, 
remains unidentified. It is not associated with any 
of the iron-aluminium intermediate phases. 

Optical photomicrographs of a taper section 
of specimens A and C heat treated for 1000h at 
640~ are shown as Fig. 3a and b. The l o w  
oxygen/nitrogen specimen, A, shows the multi- 
phase nature of the "alloy" layer, whereas the high 
oxygen/nitrogen shows a single phase layer. In the 
multiphase layer the r~(Fe2Als) and 0(FeAI3) 
phases were readily identified by X-ray diffrac- 
tion, but only very faint ~'(FeA12) lines were 
evident. On Fig. 3a the ~(Fe2Als) has been lo- 
cated by the presence of a second phase [7] and 
0(FeA13) by deduction from its relative position 
in the equilibrium diagram. No other phase, such 
as ~" (FeA12), was apparent in the microstructure. 



Figure 4 (a) and (b). Carbon replica electron micrographs of a section through specimen B after 240h at 532 ~ C 
(X 2970). 

Electron micrographs of carbon replicas of 
specimen B, Fig. 4a and b, illustrate the early 
stages of the growth of 0(FeA13) at the inter- 
face. Growth is very limited except in some parts 
where it has developed into clearly defined areas. 
The development of an additional phase on ly  
becomes apparent at the higher temperatures, 
when a thin layer between the aluminium and the 
0(FeA13) can be seen, Fig 5. Although there is a 
distinct interface on the aluminium side of the 
0(FeA13) phase, no such distinct boundary is 
apparent on the iron side. However, in specimen 
C, Fig. 6, there is a thin layer on the iron side of 
the 0(FeAla) but only very slight indication of a 
phase at the aluminum side. 

In the bend test on specimen A, heat-treated 
1 h at 640 ~ C, the aluminium cracked and became 

detached after bending through 90 ~ . In contrast, 
the high oxygen/nitrogen specimens, B and C, 
heat-treated for 1000h at 640~ could be bent 
through 90 ~ with no visible cracking; after bending 
to 180 ~ cracking was evident but was not con- 
tinuous, and the aluminium was still adherent. 

4. Discussion 
Batz and Thurman [8] have reported on the effect 
of nitrogen on the formation of iron-aluminium 
intermediate phases in clad products. The start of 
intermediate phase growth at the interface, 
termed "alloying temperature", was obtained for 
a range of nitrogen concentrations. However, no 
clear indication was given as to how the "start" 
of phase growth was defined or measured. 
"Alloying temperature", like recrystallization 
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Figure 5 Carbon replica electron micro- 
graph of a section through specimen B 
after 240 h at 603 ~ C. (X 960). 

temperature, is affected by several variables which 
preclude simple definition, and the point of p a r t  
of the present work is to propose a more con- 
venient way of determining the "alloying tempe- 
rature",. It is defined arbitrarily as 50% coverage 
of the iron-aluminium interface by intermediate 
phase growth. Using this method results can be 
presented in the form of a T - T - T  diagram. It 
must be emphasized that this diagram relates to a 
stage of intermediate phase growth which predates 
the build-up of a continuous thick layer of  inter- 
mediate phases. It is often of particular value to 
be able to monitor these early stages, particularly 
in processes where either no "alloy" or only a 
very thin layer can be tolerated. 

The T - T - T  diagram obtained, Fig. 2, clearly 
indicates the effect of increasing oxygen and 
nitrogen content of the steel, despite the limited 
number of points. The curve for specimen C is 
raised by several degrees above the curve for A, 
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Figure 6 Carbon replica electron micrograph 
of a section through specimen C after 480 h 
at 640 ~ C. (X 2600). 

and these trends are similar to those observed by 
Batz and Thurman [8]. 

The cut edges of the specimens are localized 
cold-worked areas, which in the low oxygen/ 
nitrogen specimen A exhibit preferential growth 
of "alloy" in agreement with other workers [13]. 
In specimen B there is a marked reduction of 
preferential edge growth and in specimen C it is 
absent. This is of some interest in industrial pro- 
cesses when it is often necessary to remove cold 
work, initially used to achieve bonding, to enable 
further fabrication. The reason for this behaviour 
is probably associated with a very thin diffusion 
barrier, which forms even more rapidly in cold- 
worked areas and prevents development of i ron-  
aluminium intermediate phases. A possible re- 
action mechanism is discussed later. 

The early stages of intermediate phase growth 
at the interface of sample B is illustratedin Figs. 4a 
and b. After 240h at 532~ no intermediate 



phases are visible in the optical microscope, but 
replicas indicate interface features which may be 
associated with a reaction product, Fig. 4a. Along 
the interface there are occasional clusters of well 
defined areas of the intermediate phase 0(FeA13) 
Fig. 4b, but no additional phase is apparent. That 
0(FeA13) is the first intermediate phase to form 
between iron and aluminium is an accord with the 
authors' earlier work [7] and the M6ssbauer 
studies of Preston [17]. 

At elevated temperatures, 640~ the low 
oxygen/nitrogen specimen, A, develops a multi- 
phase "alloy" layer, whereas in the high oxygen/ 
nitrogen specimens, B and C, only 0 (FeAla) phase 
of the iron-aluminium compounds can be ident- 
ified. There is evidence in the replica micrographs, 
Fig. 5, specimen B, of a very thin phase which 
defines clearly the 0/Al boundary. A more diffuse 
region exists at the 0/Fe interface such that a 
third phase cannot be excluded. In Fig. 6, speci- 
men C, a thin phase exists at the 0/Fe interface 
but not at the 0/A1 boundary. X-ray diffraction 
lines in addition to 0(FeAl3), and not identified 
as either r/(Fe2Als) or ~'(FeA12), have been as- 
sociated with ceramic phases, notably the spinel, 
hercynite, FeAI204, and tentatively an oxy- 
nitride 6 Al2 03/AlN. It is thought that the phase 
at the 0/Fe interface is FeAl204, and at the 
0/Al interface, 6 A12 03/A1N. 

Popplewell et al [11] have shown, using elec- 
tron microscopy, that the spinel FeA1204 forms 
readily at an iron oxide/A1203 interface, even 
at temperature as low as 450 ~ C. In iron/A120a 
specimens no reaction products were revealed 
by electron diffraction. However, they did note 
features in the electron micrographs which could 
be associated with some reaction having taken 
place. It is proposed, that in the present work, the 
identification of the spinel at the interface, implies 
that the oxygen in the steel forms an oxide of iron, 
which then reacts with the A12 03 already on the 
aluminium powder, to form the spinel FeAI2 04. 
This is thought to occur prior to any intermediate 
phase formation which only develops in the high 
oxygen/nitrogen specimens after extensive heat 
treatment above about 600 ~ C. 

This mechanism differs considerably from 
recent Russian work [12] in which it is suggested 
that the oxygen in the steel forms A1203 at the 
interface, which then acts as a diffusion barrier 
inhibiting intermediate phase growth up to 600 ~ C. 
The Russian workers observed the A12 03 layer to 

dissolve followed by rapid growth of the inter- 
mediate phases. To account for the remarkable 
stability of the ceramic phases observed in the 
present investigation, 1000h at 640 ~ C, it is sug- 
gested that the role of the nitrogen is probably 
to stabilize the ALE03 and/or FeAl204. This is 
thought to take place by an anion exchange 
mechanism with oxygen. 

The formation of oxynitrides is well docu- 
mented [13] and lines characteristic of the phase 

A12 03/AIN have been tentatively identified. In 
the case of the spinel no replacement mechanism 
of oxygen by nitrogen in ferrospinels is known to 
the authors, but other anion replacements have 
been made such that it may be possible for a spinel 
of the type FeAl2 04-xNx to form at the interface. 

The enhanced bond strengths observed in the 
high oxygen/nitrogen specimens, presumably 
emanate from the presence of the spinel at the 
interface in the manner well documented for 
metal-ceramic seals [15, 16]. That is, the oxide 
phases are strongly adherent to their parent metals, 
and when in contact at elevated temperatures, 
undergo a solid-state reaction to form the spinel 
FeAl204 which effects a strong bond between 
them. At a later stage, when the aluminium-rich 
phase 0(FeAI3) forms at the aluminium oxide/ 
spinel interface, the bond is maintained. Other 
authors [9, t0] have reported that the presence 
of an oxide layer on the iron substrate prior to 
coating with aluminium improved the bond 
considerably. 

5. Conclusions 
Increasing the oxygen and nitrogen content in the 
iron, up to 0.08% and 0.009% respectively, im- 
proves the bond strength between aluminium and 
iron such that an excellent bond is sustained even 
after 1000h at 640 ~ C. 

It is proposed that the oxygen in the iron 
initially forms an iron oxide at the iron aluminium 
interface, which then reacts with the A1203 
already present to form the spinel FeAl204. The 
nitrogen is thought to stabilize the A120a and/or 
FeAI204 by undergoing anion replacement to 
form 6 Al, 03/A1N and/or FeAI2 O4 -xNx. 

Growth of the iron-aluminium intermediate 
phases is limited by this diffusion barrier, and in 
the high oxygen/nitrogen specimens only a thin 
layer of 0(FeAl3) forms even after 1000h at 
640 ~ C. In the low oxygen/nitrogen samples no 
ceramic phases are observed, only a multiphase 
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layer of the i ron-a lumin ium compounds ~'(FeA12), 

77(Fe2Als) and 0(FeAIa) which results in a very 

poor bond. 
The effect of cold work on "alloy" growth is 

thought to be suppressed in the high oxygen/ 

nitrogen samples by the rapid growth of the 

ceramic phases, which form a diffusion barrier to 

intermediate phase growth. 
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