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Deformation and fracture of AI-8Fe rapidly 
solidified alloys 

P. ROZENAK 
Practical Engineering College of Beer-Sheva, Department of Mechanical Engineering, 
Ben Gurion University of the Negev, PO Box 45, Beer-Sheva 84100, Israel 

The effects of the rapid solidification on the deformation and fracture of AI-8Fe alloys, from 
TEM fracture specimens, have been studied. The most general conclusion which can be 
drawn in this study is clearly in agreement with a plastic deformation mechanism. Crack 
propagation occurs by localized plastic rupture mechanisms which result from enhanced 
slip along {1 1 1}~ planes. Crack propagation occurs within the deformed zone either by the 
nucleation, growth and coalescence of holes ahead of the crack-tip, or through the emission 
of dislocation from the crack-tip. The resulting fracture is along the active {1 1 1}~ slip planes. 
The principal effect of secondary phases (AI13Fe4) on the fracture propagation in AI 8Fe 
alloys was that the secondary phases increased the stress level at which plastic deformation 
occurs at the crack-tip and increased the stress level at which the crack propagates. This work 
clearly shows that in order to obtain coarse intermetallic precipitates in the specimens after 
ageing heat treatments the crack propagation and deformation processes occur at lower 
stresses compared to as-received rapidly solidified samples. 

1. Introduction 
The development of refined microstructures for dis- 
persion strengthening of A1 alloys by rapid solidifi- 
cation is related to under cooling at nucleation and 
during competitive crystal growth. Based on the anal- 
ysis of solidification, it is possible to obtain metastable 
structures or suppression of coarse primary inter- 
metallic phases which are useful for the development 
of dispersoid structures. Strength and stability of A1 
alloys at elevated temperatures are derived partly 
from non-equilibrium intermetallic phases produced 
during solidification and are thus dependent on the 
thermal stability of such intermetallics [1-4]. 

The present paper reports on the deformation and 
fracture experiments of AI-8Fe alloys rapidly solidi- 
fied as-received and after ageing heat treatments dur- 
ing in situ deformation by transmission electron 
microscopy (TEM) at room temperature. The effects 
on the dislocation mobility and crack propagation 
rate are observed directly at high magnification and 
the mechanism of secondary phases related to crack 
propagation under mode I applied stresses is more 
fully specified. 

2. Experimental procedure 
High purity A1-8Fe alloy ingots were produced by 
induction melting in an Ar atmosphere. Rapidly 
solidified ribbons were prepared by a melt-spinning 
technique E5], at a perisheral wheel at a velocity of 
22.4 m s-  1. A melt temperature of 1000 ~ was used to 
ensure complete dissolution. The ribbons produced 
were typically ca. 25-100 mm thick and 2-4 mm wide. 
The specimens were aged at 25 500 ~ for 2 h under 

a vacuum of 1.333x 1 0  . 3  Pa. The microstructures 
were characterized using a Phillips X-ray diffrac- 
tometer with a step motor and programmer. Both 
CuK~ and CoK~ radiations were used in this study. 
Knoop microhardness measurements were made by 
using a MHT-1, Matsuzava instrument, at a load of 
10 g and a d-well time of 10 s. The microhardness 
values were taken as the mean of five measurements 
from the polished longitudinal cross-section of various 
ribbon zones: air side, centre and wheel sides. Optical 
micrographs of a representative longitudinal cross- 
section of as-cast rapidly solidified ribbons showed 
a non-continuous featureless region 10 20 gm wide 
near to the wheel side, in the centre columnar den- 
dritic region, then an equiaxed region extending to the 
top of the ribbon [6]. 

Deformation and fracture studies were carried out 
by TEM (Jeol 200B; operating at 150 kV) using a 
single-axis tensile stage designed to introduce tensile 
stress. Tensile specimens (8 x 3 mm) were prepared 
with their long axes. The centre section taken from 
columnar dendritic zones (for all specimens) were pre- 
pared by electrolytic polishing at 10 V in a polishing 
cell with 200 cm 3 nitric acid and 800 c m  3 methanol at 
_ 18~ 

3 .  R e s u l t s  

XRD obtained from the rapidly solidified ribbons 
indicated formation of secondary intermetallic phases 
in the solid solution of A1. Diffraction patterns from 
the secondary phase were readily indexed as All 3Fe4 
(Figs 1 and 2, Tables I and II). Low diffraction inten- 
sities from the AllsFe4 phase were obtained after 
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Figure l XRD pattern of a rapidly solidified Al-8Fe alloy after isochronal ageing at the indicated temperatures for 2 h. 

rapid solidification (Figs 1 and 2). Diffraction inten- 
sities from Al13Fe4 increased with an increase in the 
isochonal ageing temperature. Reflections K~ and K s 
obtained from the A1 matrix indicated shifts to smaller 
20 values during the ageing process (Figs 1 and 2). 
Tables I and II summarize the XRD results compared 
to the powder diffraction standards (PDS) obtained 
from various radiations of the AI-8Fe alloy rapidly 
solidified and after isochronal ageing heat treatments. 

Microhardness results obtained from the feature- 
less, columnar and equiaxed regions of the rapidly 
solidified A1 8Fe alloy are shown in Fig. 3. The fea- 
tureless region indicates the higher hardness values 
(to ca. 120kgmm -2) after rapid solidification, that 
decreased during ageing at 500 ~ heat treatments (to 
ca. 40kgmm-2) .  Microhardness obtained from 
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equiaxed microstructures indicate 15% reduction and 
columnar dendritic microstructures indicate 30% re- 
duction compared to the hardness obtained from the 
featureless regions in rapidly solidified alloys aged at 
25~ Microhardnesses of both dendritic and 
equiaxed microstructures decrease during the ageing 
process and the values obtained after 2 h ageing at 
500~ were ca. 45 and 30 kg mm -2, respectively. 

A variety of microstructures were seen principally 
due to local variations in the cooling rate in the 
ribbons [6, 5], caused by the differences in the heat 
transfer during the solidification process. The types of 
microstructures obtained after rapid solidification be- 
gun to spheroidize during the course of growth at high 
ageing temperatures. In our study, TEM specimens 
were prepared from the middle regions of the ribbons. 
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Figure 2 XRD pattern of a rapidly solidified A1 8Fe alloy after isochronal ageing at the indicated temperatures for 2 h. 

100 ~ 

25 ~ 

In an attempt to understand the deformation mecha- 
nisms, the TEM tensile specimens were prepared and 
tensile tested under a microscope. The cellular den- 
drite type of microstructure was typical of as-cast 
rapidly solidified ribbons (Fig. 4). This microstructure 
changed during the ageing process (Fig. 5). The typical 
ductile transgranular fracture surfaces in rapidly 
solidified AI-8Fe alloys are shown in Fig. 4. The ma- 
terials on either side of the crack are heavily deformed 
(thinned regions obtained from both sides of the 
crack) and the crack propagated through one of these 

regions precipitates, needle-like in morphology, and 
was broken (Fig. 4b) when the crack-tip was connec- 
ted with a thinned region ahead of it. Dislocation 
tangle extended in front of the crack-tip (high contrast 
in Fig. 4b, marked by the arrow). The position of the 
crack and microstructure around the crack after addi- 
tional straining can be seen in Fig. 4c. Crack propaga- 
tion occurs within the deformed zone either by the 
nucleation, growth and coalescence of holes ahead of 
the crack-tip, or through the emission of disloca- 
tions from the crack-tip. The changes in diffraction 
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conditions due to local bending give new locations at 
the appearance of dislocation regions (high contrast in 
region A). While the aged specimens did not change 
the modes of either the fracture or the deformation 
during straining, there was an influence on crack 
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Figure 3 Knoop microhardness of a rapidly solidified A1-8Fe alloy 
after isochronal ageing for 2 h. �9 Equiaxed zone; �9 Dendritic zone; 
D, Featureless zone. 

propagation the crack would pass through the 
matrix near the precipitates (Fig. 5a). This effect was 
most clearly demonstrated when the specimen was 
first strained and a crack was initiated (Fig. 5a), and 
then the additional straining caused the crack to pass 
in the vicinity of large precipitates (marked by the 
arrows). Crack propagation would not be through 
any one, or on the boundary, of these precipitates. 
A crack-tip and the microstructure formed around the 
crack during its advance, create a region ahead of the 
tip of relatively thick material that has been thinned to 
electron transparency by a plastic deformation pro- 
cess. Thickness contrast fringes are observed in the 
zone ahead of the crack-tip (marked by the arrows in 
Fig. 5b). Broadened contrast fringes in a plastic region 
are due to extinction contours, indicated by their 
diffuse appearance and extremely high dislocation 
density (Fig. 5b, zone A). At high magnification, the 
interaction between propagated crack and the single 
precipitate can be seen in the sample after ageing heat 
treatment at 500~ (Fig. 6). The crack changes the 
advance direction before the precipitate (apparently 
lower energy needed) and propagated in the depletion 
zones of the matrix in the vicinity of the large precipi- 
tate. In addition, the deformation band contrasts with 
dense dislocation tangles ahead of the crack (Fig. 6). 

Grain boundary deformation and a crack crossing 
a grain boundary was observed between a propagat- 
ing crack and a microstructure in rapidly solidified 
AI-8Fe alloys (Fig. 7). The deformation band passed 
through the grain selecting the {1 1 1}(1 10)~ slip 

Figure 4 (a) Typical fracture surfaces obtained from a rapidly 
solidified as-melted A1 8Fe alloy, strained under TEM; (b) magnifi- 
cation of the crack-tip in the strained zone; (c) additional straining 
of (b). 

6356 

Figure 5 Typical fracture surfaces obtained from a rapidly solidified 
AI 8Fe alloy after 2 h ageing at 500 ~ strained under TEM. (a) 
Magnification of the crack-tip in the strained zone; (b) additional 
straining of (a). 



Figure 6 Microcrack and plastic thinning near coarse precipitates 
in an A1- 8Fe alloy after 2 h ageing at 500 ~ strained under TEM. 

Figure 7 Continued. 

f'igure 7 Deformation crossing grain boundary in a rapidly solidi- 
fied A1 8Fe aIloy after isochronal ageing at 500 ~C for 2 h, strained 
under TEM. (a) Crack blocked before the grain boundary; (b) 
thinning and rnicrovoid formation in the second boundary; (c) 
opening of the microvoid and joining to the main crack. 

plane system having a max imum resolved shear stress 
and interacting with the grain boundary.  Propaga t ion  
of the crack was generally blocked before the grain 
boundary  (Fig. 7a). The deformation band passed 
through the grain boundary  (Fig. 7b). A microvoid 
formed on the other slip plane of the second grain 
(marked by the ar row in Fig. 7b). The opening of the 
microvoid (Fig. 7b) and joining to the main crack 
(Fig. 7c) are typical in formation of t ransgranular  duc- 
tile fracture surfaces. 
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4. Discussion 
A1-8Fe alloys produced by rapid solidification tech- 
niques exhibit improvement in mechanical properties 
at elevated temperatures. Strength and stability of 
these alloys depend on non-equilibrium intermetallic 
phases, thermal stability and impurities in the inter- 
metallics [1 6]. Three different phases have been 
suggested [7-10] tetragonal A14Fe, orthorhombic 
A13Fe and tenfold twins of Al13Fe4. By the conven- 
tional X-ray technique, it is difficult to draw the line 
between detected and undetected small amounts of 
intermetallic phases. XRD patterns from these phases 
were readily indexed as All 3Fe4 (Figs 1 and 2) and the 
summary of these results is given in Tables I and II. 
The lattice parameter of the solid solution of A1 de- 
creases during the ageing process (Figs 1 and 2). Fe in 
solid solutions of AI decrease the lattice parameter 
[11]. Coarsening of the continuous precipitates and 
the appearance of separate precipitates increased the 
diffraction intensities obtained from All 3Fe4 particles 
in the specimens after higher ageing temperatures. The 
reason for the appearance of new diffraction peaks 
from the Al13Fer phase only after a high temperature 
ageing process was the preferential growing of precipi- 
tates during the ageing treatments. 

The fracture mechanisms are similar to those re- 
ported in other FCC ductile metals [12-14]. The frac- 
ture mode was predominantly transgranular and 
crack advance was preceded by a localized plastic 
deformation which thinned the materials ahead of the 
crack-tip. Large deformations were observed in front 
of the crack-tip, as the materials which were com- 
pletely opaque electron thinned sufficiently to become 
electron transparent. Crack advance was confined to 
this deformation zone and occurred either by the 
direct emission of dislocations from the crack-tip or 
by the nucleation, growth and coalescence of holes 
(Figs 4-7). 

The size, density and morphology of secondary 
phases influence crack initiation and propagation in 
both rapidly solidified and aged AI-SFe alloys. TEM 
micrographs obtained from the columnar dendritic 
zone (Fig. 4) show high amounts of the continuous 
intermetallic phases and cracks propagated through 
these phases. On further straining, the crack-tip dislo- 
cation became fully incorporated with these continu- 
ous precipitates. Dislocation density increased during 
this incorporation process, indicating that the disloca- 
tion strain fields had also increased. No dislocations 
were ejected from the interface into the adjoining 
intermetallic phase. At the critical, but undetermined, 
stress level the intermetallic phase failed and the sec- 
ond grain relieved the accumulated stress, and crack 
propagation continued as described previously 
(Fig. 4b). The rapidly solidified specimens after ageing 
heat treatments showed large coarse precipitates 
(0.5 2 mm in diameter) with geometrical morpholo- 
gies (Fig. 5). The transgranular crack propagation and 
the deformation mechanism processes deviate to pass 
in the vicinity of these large precipitates. Extensive 
local plastic deformation and thinning of the matrix 
were typical of crack propagation near the precipi- 
tates (Fig. 6). However, in the case of continuous 
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precipitates, in microstructures under applied tensile 
stresses, crack propagation was through the continu- 
ous non-coherent precipitates, but in the case of rap- 
idly solidified and aged specimens, crack propagation 
passed through the matrix (in the depletion regions of 
the matrix) in the vicinity of the precipitates. 

The common interactions between the dislocation 
interaction and a secondary phase in both the as- 
received and aged rapidly solidified AI-8Fe alloys 
were observed. Blocking the direct passage of disloca- 
tion by the continuous and coarse precipitates, and 
the formation of complex tangles, led to observation 
of dislocation structures. Formation of high disloca- 
tion density regions were associated with high residual 
contrast (Figs 4 and 5), giving rise to crack initiation 
processes [15]. 

The common interaction between a propagating 
crack and a grain boundary in both as-received and 
after ageing rapidly solidified alloys was observed 
(Fig. 7). The deformation band passed through the 
grain boundary selecting the {1 1 1}(1 1 0).~ slip planes 
having a maximum resolved shear stress in the adjac- 
ent grain and interacting with the grain boundary 
close to the intersection of the pile-up with the grain 
boundary. Propagation of the crack was generally 
blocked before the grain boundary. A microvoid for- 
med on the second grain (marked by an arrow in 
Fig. 7b). The opening of microvoids (Fig. 7c)joined to 
the main crack are typical of the transgranular ductile 
fracture surfaces. 

The as-quenched microstructure of rapidly solidi- 
fied A1-8Fe alloys is very heterogeneous. A variety of 
microstructures were seen principally due to local 
variation in cooling rate at various locations in the 
ribbon resulting from differences in heat transfer [2]. 
The microhardnesses obtained from AI-8Fe alloys 
(Fig. 3) are consistent with solidified heterogeneous 
structures of melt-spun alloys [5]. From the second- 
ary phases morphology standpoint, featureless zones 
developed from the wheel side have the higher micro- 
hardness values [ca. 120 kg ram- 2 (Knoop hardness)], 
the slightly lower hardness obtained at the dendritic 
zones, while the lower hardness was typical in the 
equiaxed zones that developed at the air size of the 
specimens. The melt-spun A1-8Fe alloys are disper- 
sion and grain boundary hardened by the non- 
coherent intermetallic microcrystalline phases. Hard- 
ness resulting from isochronal ageing are shown in 
Fig. 3 for various zones of the AI-8Fe ribbons. Hard- 
ness decreases in various zones of the specimens were 
obtained at higher ageing temperatures. TEM results 
during straining clearly show that the deformation 
processes of thinning ahead of the crack-tip affects the 
microstructure, explaining the microhardness results. 
This work clearly shows that in order to obtain coarse 
intermetallic precipitates after ageing heat treatments 
crack propagation and deformation processes ahead 
of crack-tip occur at lower stresses compared to as- 
received rapidly solidified samples. Finally, it should 
be noted that the microcrystalline morphology of non- 
coherent structures of the secondary phases and grain 
boundaries have a very efficient mechanism of hinder- 
ing AI-8Fe rapidly solidified alloys. 



5. Conclusions 
1. In the present paper a series of conclusions are 
drawn from the TEM fracture specimens. While these 
are based on observation on thin specimens they are 
consistent with the behaviour observed for macro- 
scopic specimens. The most general conclusion which 
can be drawn is clearly in agreement with a plastic 
mechanism. Crack propagation occurs by localized 
plastic rupture mechanisms which result from en- 
hanced slip along {1 1 1}v planes. Crack propagation 
occurs within the deformed zone either by the nuclea- 
tion, growth and coalescence of holes ahead of the 
crack-tip or through the emission of dislocation from 
the crack-tip. The resulting fracture is along the active 
{1 1 1}v slip planes. 
2. The principal effect of the secondary phase 
(All3Fe4) on fracture propagation in A1-8Fe alloys is 
that they increase the stress at which plastic deforma- 
tion occurs at the crack-tip and thereby the stress at 
which the crack propagates. 
3. This work clearly shows that in order to obtain 
coarse intermetallic precipitates in the specimens 
after ageing heat treatments, the crack propagation 
and deformation processes are possible by low stress 
levels compared to as-received rapidly solidified 
samples. 
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