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In-situ experiments on the Fe/Al,O5 interface reaction were carried out with a high
temperature X-ray diffractometer capable of measuring the X-ray diffraction pattern in
1-4s, using an imaging plate. The kinetic formation processes of the interface reaction
layer were measured in short-period exposure experiments using the apparatus. The
time-temperature phase diagram of Fe/Al,O3 in air was determined. FeAl,O, was formed at
the Fe/Al,03 interface between 1595 K and 1675 K in air. The formation of FeAl,0, obeyed
the parabolic rate law. The value of the activation energy suggests that the diffusion of Al
into FeAl,0,4 controls the rate of formation. The results of thermal expansion coefficient
measurements suggest that when a sample is cooled to room temperature, compressive
strain caused by FeAl,O, occurs on Al,O03;. © 7999 Kluwer Academic Publishers

1. Introduction on the substrate by means of vacuum deposition at
It is important that the properties of the metal-oxide 1 x 103 Pa. The thickness of the thin film was Q..
interface for the production of MOS devices are in- Fig. 1 shows the schematic of a high tempera-
vestigated. AIOs is a typical oxide ceramic, and it is ture X-ray diffractometer [6, 7], which consists of a
expected that Fe exhibits strong activity at the metal-Seemann-Bohlin camera [8] and an imaging plate (IP)
oxide interface [1]. Therefore, particular attention is[9]. Because the Seemann-Bohlin camera is a parafo-
paid to the Fe/AlO3 system. cusing camera that produces high intensity diffraction

The interface reactions of Fe/&D; have beeninves- lines and because the two-dimensional IP has good
tigated by several researchers [1-5]. The investigationX-ray sensitivity, this high temperature system can
have concentrated on carrying out measurements of miecord complete diffraction patterns in 1-4s [6, 7]. Us-
crostructures and phases after the reaction. Howeveing Co X-rays at 50 kV and 160 mA filtered by an Fe
in-situ experiments are necessary to reveal the elemeriilter, a peak intensity of approximately 5000 counts is
tary reaction processes in detail. In such experimentxbtained from the (104) reflection of AD3, using a 4s
X-ray diffraction methods have the advantage of be-exposure.
ing able to observe crystal structure changes during the The samples were heated from room temperature to
Fe/AlL, O3 interface reaction. between 1574 K and 1675 K at a rate of 60 K/min, held

In this paperin-situ experiments onthe Fe/fDzin-  atthattemperature for 1 h, and then cooled to room tem-
terface reaction are described. These experiments weperature. This heating process was performedin air. The
carried out with a high temperature X-ray diffractome-in-situmeasurements were carried out with repeated ex-
ter [6, 7], which is capable of measuring the X-ray posures (exposure time: 4s) during the heating process.
diffraction pattern in 1-4s using an imaging plate to
elucidate (1) the elementary formation processes of the
reaction layer, (2) the relationship between time and3. Results and discussion
temperature during phase transformation, (3) the reac3.1. Formation of reaction layer
tion control factor based on the activation energy of theFe (@-Fe) changed to RL®; («-Fe03) during heating
reaction layer, and (4) the thermal stress relationshifin air and only FeO3 existed at 1574 K. Fig. 2 shows the
between the reaction layer and the substrate@4). X-ray diffraction patterns of Fe/AD3 held at 1595 K

for 1 h in air. There are dead angles at the center of
the diffraction patterns because the apparatus uses two

2. Experimental procedure sheets of IP. F®3; was found at the middle of heat-
Polycrystallinex-Al 03 (purity 99.5%; Toshiba Cor- ing, and FeAlO, was formed in approximately 40 min
poration) was cut into pieces measuring 20nmxm  at this temperature. Fig. 3 shows the X-ray diffraction
10mm x 0.5mm. These were polished with a dia- patterns of Fe/AlOs; held at 1675K for 1 h in air. The
mond whetstone and cleaned in acetone for use as sulmensity of the FgO3 diffraction peaks diminished with
strates. An Fe (purity 99.99%) thin film was depositedtime, and all FegO3; changed to FeAD, after about 1 h.
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Focusing circle in the formed phases, such as whether an interlayer is
Seemann-Bohiin camera formed or not, whether a high or a low vacuum is used,
and whether pressingis used or not. When the interlayer
was FeO or Fet+ FeO compound, Fe(Fe, Ap, was
formed, according to Sakatt al. [5]. In this work,

Fe that was oxidized in air changed to,Pg, which
reacted with A}JOs to form FeAbO,. Therefore, it is
possible that the diffusion path of this work is different
from that of the work by Sakatat al. The interlayer
depends on the atmosphere and the presence of FeO in

X-ray source

Vacuum
pump

Gas

controller i
the reaction system.
Sample Imaging
. plate{IP) i .
Rapid heat 3.2. Activation energy of FeAl,04 growth
Rapid heat furnace In order to determine the growth rate of the Fg@{
controlter Automatic fim layer at 1634 K, 1656 K, and 1675K from the time
focder history of the integrated intensity of (220) reflection

Figure 1 Schematic of the high temperature X-ray diffractometer [6, 7]. lo:feiligljlo;)’/et?Zt“g:iechhltsetr%rge?af.tfjr:‘g w;%kgzlscsu I(;_ftetze It
] ) ] was assumed that the thickness of the L@jllayer,
In-situ experiments were carried out at 1634 K andfqrmed from all of the deposited Fe, corresponds to the
1656 K in air. FeOs and FeAYO, were formed in the  ntegrated intensity of (220) reflection of Fe/®, when
same way as above. Fig. 4 shows a time-temperaturge reaction layer of FeAD, was completely formed.
phase diagram of Fe/ADsin air. Note thatthese results gyever, in this calculation, the effects of thermal ex-
were obtained under the experimental conditions in thig,ansion were ignored because the values were com-
work. , _ pared with those obtained in thermal treatment experi-
The above observations suggest thalBas formed  ments performed by other researchers. The relationship
by the reaction and bonding between Fe and oxygen ietween the square of the thicknessaf FeALO, lay-
air, while FeAbOy is formed by the reaction between g 5t each temperature and tirigi¢ shown in Fig. 6.
Fe;O3z and AbO; at the interface, and the reaction for- | g apparent that the parabolic rate law? & Kt;
mulas are Fe+ (3/4)0; (in air) — (1/2)FeOs and k- rate constant) [11] is upheld.
(1/2)Fe0Os + Al20; — FeAROs + (1/4)0; (inair).  BecauseK is proportional to the diffusion coeffi-
A model of these reactions is shown in Fig. 5. The d'f'cient,
fusion path from A}O3 to Fe O3 is thought to be AIO3
— FeAlL,O4 — Fe,0O3 0on the basis of the phase diagram logK = 0.4343(-Q/RT)+ A
of Fe-Al-O reported by Trumble [10], where £@;3 is
formed by the reaction between Fe and (3@ air).  where 0.4343 is the conversion constant from natural
Table | shows a comparison of the experimental redogarithm to common logarithng is the activation en-
sults obtained by us and by others. There are differencesrgy, R is the gas constant, is the temperature, and

1595K in air O : Al03
A Fe203
] : FeAl2Os
T
@8 I
S S 5
8 ksl -
2 5
X _
0 = 8
= o = = =
E 25 2
Time* § g 5 5 N
ime* & b g q
tis £ = = -
& o
3620 VOOV B I S
2480 R ,
200 b e WWAJ N NS
32 40 * 50 60 76
* Exposure é‘
time 4s h

Angle, 2 8 /degrees [Co-Ka]

Figure 2 X-ray diffraction patterns of Fe/AD3 held at 1595 K for 1 h in air. R8s was present at the beginning, and Fg34 was formed in
approximately 40 min.
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TABLE | Comparison of the experimental results obtained from this work and other works

Experimental

Researcher System condition Phase Reference
Okamotoet al. Steel/Cu/AbO3 1.3 kPa (low vacuum) FehD4 [2]
1473 K
30min
Suganumaet al. Fe/(60 vol% Fer 1573 K Fet+ Al,O3 [3]
40 vol% Al,O3)/Al,03 2.1 GPa (press)
30min
Naka and Okamoto Steel/Cul&ds 0.4-6.7 kPa (low vacuum) Fe/Dy [4]
1393-1573 K
30 min
Sakateet al Fe/FeO/AyO3 1 x 1073 Pa (vacuum) Fe (Fe, AlD4 [5]
Fel/(Fe+ FeO)/ALO3 1450 K
29.3 MPa (press)
10h
Colaianniet al. Fe/AlLbOz/Mo (110) 1x 1078 Pa (vacuum) Fe-Al,03 [1]
900-1200 K
1s
1 x 108 Pa (vacuum) Fe oxide Al,03
900-1200 K
1s
[after exposure of
oxigen at 90 K]
This work Fe/AbO3 Air FeAl,Oq4
1595-1675 K
1h
1675K in air O : Ai20s
AL Fe203
(] : FeAl204
T
= 2
T 5 =
= o ©
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Figure 3 X-ray diffraction patterns of Fe/ADs held at 1675 K for 1 h in air. All FgO3 changed to FeAlO, after about 1 h.

is a constantQ is obtained from the gradientof Id§  atmosphere of 400 Pa conducted by Naka and Okamoto
and 1. Fig. 7 shows the relationship between Idg [4] was 269 kJ/mol. These previously report@dalues

and 17 for the growth of FeAlO, in our experiments. differ from our value, because our work was performed
The value 0fQ was 458 kJ/mol. According to the exper- in air. When Paladino and Kingery [13] measured Al
iments of Halloran and Bowen [12], th@ value for Fe  diffusioninto Al,Os in air, theQ value was 477 kJ/mol,
diffusion in FeALO, in an atmosphere of GCO=  which is close to our value. It can therefore be inferred
0.1 was 273 kJ/mol. Th& value for FeAbO, layer that Al diffusioninto FeA}O, controls the reaction rate
growth in experiments of carbon steel/Cu/@k in an  when the sample is held at a high temperature in air.
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1750 TABLE Il Thermal expansion coefficients evaluated from the lattice
@ : FeAl204+AlO3 constants of AlOs, Fe, FeOz and FeApOy4, which were calculated
O ! Fe203+FeAl04+Al203 from the X-ray diffraction patterns at different temperatures. Reference
O ! Fe203+Al203 values [14-17] are shown for comparison
v 1700 H FeAl204 Thermal expansion coefficienk (104 /K)
~ - _ +A03 Material
& 000000 004 (system) a c Reference
}:“; 1650 - 2000000000 a-Al203 0.08 0.09 a:0.08, ¢:0.09 [14]
© (Hexagonal)
g 000000000 a-Fe 0.14 — a:0.12 [15]
2 ~~__ Fe203+FeAl204+Al203 (Cubic)
R a-FeOs3 0.12 0.10 a:0.12, ¢:0.07 [16]
160090 0 0 0v0-0.0.0 0 (Rhombohecral)
000000000 b‘ - FeAl,O4 0.13 — a:0.09 [17]
Cubi
Fe203+Al203 (Cubic)
1550 T T T
0 1000 2000 3000 4000
Time,t/s -10
Activation energy
Figu_re 4 Time-temperature phase diagram of Fef@{ in air obtained 458kJ/mol
in this work.
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Figure 5 Formation model of FeAlD, at Fe/AbO3 interface in air. 0.59 0.60 0.61 0.62
The reaction formulas are Re(3/4)O; (in air) — (1/2)FeO3z and 103 IT. TIK
(1/2)Fe03 + Al,03 — FeALO4 + (1/4)O; (in air). '
Figure 7 Relationship between lo&k and 1T for the growth of
NE 15 FeAlbO4. Activation energy was estimated as 458 kJ/mol.
o ’ 1675K
o :
Ay 1.04 1656K It is thought that as a sample cools to room tempera-
S ture, compressive strain caused by F£3 occurs on
" Al 203.
% 1634K
@ 0.5+
£
o 4. Conclusions
= 0.0 r | In-situ high temperature X-ray diffraction experiments

0 10|00 2000 3000 40|00 5000 Wwere carried out on the Fe/ADs interface reaction.
Time, t/s The following conclusions were reached:

Figure 6 Relationship between the square of thicknegof FeAl,O4

1. The kinetic formation processes of the interface
layers at each temperature and tirje The parabolic rate law is upheld.

reaction layer were measured by short-period exposure
experiments using a high temperature X-ray diffrac-
tometer.

3.3. Strain at interfaces 2. The time-temperature phase diagram of FglAl
The average strains around the interfaces were verifiedh air was determined. FefD, was formed at the
taking into account the reported values of the thermaFe/Al,O3 interface between 1595K and 1675K in air.
expansion coefficients. Table Il shows the thermal ex-The elementary reaction processes were-F&/4)O,
pansion coefficients evaluated from the lattice constantén air) — (1/2)FeO3z and (1/2)FgOs + Al,03 —

of Al,O3, Fe, FeOs, and FeA}O4, which were calcu- FeAlL,O4+ (1/4)0, (in air). Note that these results
lated from the X-ray diffraction angles at different tem- were obtained under the experimental conditions in this
peratures. The reference values [14-17] are shown fowork.

comparison. The value for FefD;, is close to those 3. The formation of FeAlO, obeyed the parabolic
for Fe and FgO3; and is larger than that for ADs. rate law. The activation energy was 458 kJ/mol. This
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value suggests that the diffusion of Al into Fe@l,
controls the rate of formation.
4. The results of thermal expansion coefficient mea- /-

6.

surements suggest that when a sample is cooled to room’
temperature, AlO3; is compressed by Fef0, at the
interface. 9.

10.
11.
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