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An electron microscopy study of the 
metastable structures in splat-cooled 
erbium-zirconium alloys 
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The metastable structures produced by splat-cooling in Er-Zr  alloys were investigated by 
using transmission electron microscopy and X ray analysis in order to deduce the mechan- 
ism by which a continuous series of supersaturated solid solutions are formed between Er 
and Zr in their low temperature h c p allotropic form. The study revealed that the micro- 
structure of alloys with extended solid solubility consisted of an h c p phase exhibiting 
predominantly martensitic character together with small amounts of a metastable beta 
phase. The volume fraction of the martensitic phase increased and that of the beta phase 
decreased with increase in Zr content of the alloy. The phase transformations involved in 
the formation of the various metastable phases in the Erk-Zr system during splat cooling 
and the stability of these phases during subsequent ageing treatments are discussed in re- 
lation to the equilibrium phase diagram for this system. 

1. Introduction 
The technique of rapidly quenching alloys directly 
from their melt, referred to as a splat cooling, is 
known to produce many unusual metastable 
phases, which represent radical departures from 
the equilibrium phases obtained by conventional 
alloy preparation techniques both in composition 
limits and crystal structures [1]. In many binary 
alloy systems, where only a limited terminal solid 
solubility is normally observed, splat cooling often 
extends the limits of the solid solubility signifi- 
cantly and in some cases produces complete 
miscibility. 

The phase diagram for the Er-Zr  system 
(Fig. 1) shows two principal terminal solid sol- 
utions - an Er-rich solid solution in the low tem- 
perature h c p allotropic form of Er (~Er), and a 
Zr-rich solid solution in the high temperature b c c 
allotropic form of Zr (~zr) - separated by a 
simple eutectic [2]. At the eutectic temperature 
of 1450 ~ C, a maximum of 27.3 at.%Zr is soluble 
in a-Er and approximately 48 at. % Er is soluble 

in /3-Zr. The solubility of Er in c~-Zr and that of 
Zr in /3-Er are very restricted. In a recent investi- 
gation by Wang [3, 4] it was observed that a 
continuous series of solid solutions between Er 
and Zr in their low temperature h c p  allotropic 
form can be produced by splat cooling of Er-Zr  
alloys. This was probably the first instance where 
metastable solid solutions have been obtained 
between two elements in their low temperature 
allotropic form by splat cooling. The formation of 
such metastable h c p  solid solutions between Er 
and Zr seems highly unlikely from phase diagram 
considerations alone, since Er exhibits rather 
extensive solubility (~ 48 at. %) in /3-Zr at higher 
temperatures, and negligible solubility (~ 2.8 
at. %) in c~-Zr at lower temperatures. This interest- 
ing result prompted the following systematic 
investigation Of the metastable phases produced 
by splat cooling of Er-Zr  alloys. 

In the investigations of Wang [3, 4] X-ray dif- 
fraction analysis was used to determine the crystal 
structure of splat-cooled Er-Zr  alloys and to 
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Figure I Equilibrium diagram for Er-Zr system accord- 
ing to Elliot [2]. 

identify the phases present. The lattice constants 
of the metastable Er -Zr  solid solutions measured 
as a function of alloy composition (Fig. 2) show 
negative deviations from Vegards Law. The plot of 
lattice constants versus composition (Fig. 2) 
exhibit two minima occuring at ~ 41 and ~ 70 at. 
% Zr, which are separated by a hump. The occur- 
rence of such a hump in an otherwise smooth 
variation of lattice constants with composition 
suggests existence of instabilities in the solid 
solutions of these compositions. X-ray analysis, 
however, failed to reveal the presence of a second 
phase in the splat-cooled alloys. 

In the present investigation, thin foil trans- 
mission electron microscopy was used to ascertain 
the details of the microstructure of splat-cooled 
Er-Zr  alloys. Structure determination and phase 
identification was carried out by using both X-ray 
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and electron diffraction analysis. A study of the 
microstructural characteristics of the metastable 
phases produced by splat cooling and their stab- 
ility during subsequent ageing would enable us to 
obtain information regarding the mechanisms by 
which such metastable solid solutions are formed 
in this system. 

2. Experimental procedure 
A series of Er -Zr  alloys weighing about 2 g were 
prepared from 99.9 +% Er and 99.99% pure Zr by 
conventional arc melting techniques under purified 
argon atmosphere. The metastable solid solutions 
were obtained by splat cooling techniques origin- 
ally developed by Duwez e t  al. [1]. Approxi- 
mately 300 mg of the as-cast material was melted 
in a Zr-coated quartz crucible by induction heating 
and then atomizing by high pressure helium gas; 
the resulting droplets were impinged onto a copper 
substrate held at room temperature. The entire 
splat-cooling operation was done in argon atmos- 
phere, details of the design of the splat-cooling 
apparatus is described elsewhere [3]. Since the 
weight loss during arc melting was always less than 
0.5%, the splat-cooled alloys are referred to by 
their nominal compositions. 

Isothermal ageing at temperatures below 
200~ was carried out in a constant tempera- 

ture silicone oil bath. Specimens were wrapped in 
tantalum foils and sealed in vycor capsules under 
a vacuum of 10 .6 Torr prior to heat-treatment. 
For higher ageing temperatures, muffle furnaces 
were used. 

Many regions of the splat-cooled specimens 
were sufficiently thin and suitable for transmission 
electron microscopy without further specimen 
preparation. The thin foils were examined using 
Hitachi HU-125 electron microscope operated at 
125kV. Structural analysis by X-ray diffraction 
was done by a Gunier focusing camera using CuKa 
radiation, and precision lattice parameters were 
measured by a GE XRD-6 diffractometer unit. 

3. Experimental results 
3.1. Microstructure of splat-cooled alloys 
The transmission electron micrographs of splat 
cooled Er-Zr  alloys, exhibited several common 
characteristic features irrespective of the alloy 
composition. The microstructures, in general, were 
composed of elongated grains, a few microns in 
width and several microns in length. Also evident 
in the micrographs was a high density of extinction 
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Figure2 Lattice constants of 
metastable Er- Zr h cp solid sol- 
utions produced by splat cooling 
as a function of composition. 
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contours, which indicated that considerable in- 
ternal strain was introduced in the material as a 
result of splat cooling. For an alloy of given com- 
positions, thin foil specimens obtained from 
different regions of the splat-cooled material, 
exhibited variations in their microstructure. Such 
variations are believed to be caused by the dif- 
ferences in the cooling rates that prevailed in 
different parts of the splat-cooled alloy. Similar 
observations were reported by Stoering and Con- 
rad [5] in a splat-cooled Ag-Cu alloys and by 
Furrier and Warlimont [6] in splat-cooled A1-Fe 
alloys. 

Fig. 3 shows a typical bright-field micrograph 
taken from an Er -20  at. %* Zr alloy in the as- 
splat-cooled condition. Evident in this micro- 
structure is a high density of twins. The selected- 

*Note: henceforth all alloy compositions will be given in at. %. 

Figure 3 Bright-field electron micrograph of splat-cooled 
Er -20  at.% Zr alloy, showing a high density of twins 
Corresponding electron diffraction pattern is shown as 
insert. 
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Figure 4 (a) Bright-field electron micrograph of splat-cooled Er-45 at. % Zr alloy showing martensitic microstructure 
(b) Selected-area electron diffraction pattern corresponding to the region in (a). 

area electron diffraction pattern corresponding to 
this region (shown as an insert in Fig. 3) indicates 
that it is composed of  a single h c p phase which is 
twinned about the (]'1 0 1) crystallographic axis. 
Lattice constants of this phase estimated fromthe 
electron diffraction patterns ( a ~ 3 . 4 9 A  and 
c ~ 5.25 A) show good agreement with the values 
determined previously by X-ray analysis [3]. 
Examination of several thin foils taken from 
various parts of the splat-cooled material failed 
to reveal the existence of any other phases in this 
alloy. 

With increase in the Zr content, the twin den- 
sity in the splat-cooled alloy was found to decrease 
drastically. The microstructure of an Er-45 Zr 
alloy was virtually free of twin platelets of the 
type shown in Fig. 3. Electron micrographs taken 
from this alloy revealed two distinctly different 
types of  microstructures depending on the sped- 
men thickness. Relatively thin areas of the speci- 
mens exhibited morphological features which were 
largely martensitic in character. Fig. 4a shows a 
typical example of this type of microstructure. 
This region is composed of large lath type marten- 
sitic platelets which are aligned parallel to each 
other. Selected-area electron diffraction analysis 
(Fig. 4b) has shown that the structure of the 
martensitic phase is h c p and that all .the ptatelets 
in Fig.4a have the same crystallographic orientation. 
The average values of the lattice constants of this 
phase estimated from the electron diffraction 
patterns are: a ~ 3 . 3 6 A  and c--~5.32A. These 
values are slightly smaller than those determined 
previously by X-ray analysis [3] for the meta- 
stable solid solution of the same composition 
produced by splat-cooling. Also evident in the 
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electron diffraction pattern (Fig. 4b) are streaks 
along the (000  1) direction. The occurrence of 
these streaks indicates the presence of planar dis- 
orders on planes parallel to the basal plane. An 
examination of the bright-field image shown in 
Fig. 4a reveals that the martensitic platelets con- 
tain fine striations which are parallel to (011 0) 
and thus normal to the direction of the streaks. 
These striations are believed to be microtwins 
which are probably formed as a means to accom- 
modate the transformation strains. The marten- 
sitically formed supersaturated h c p solid solutions 
will be henceforth designated by a'. 

In addition to the martensitic h cp phase, 
thicker regions of the splat-cooled Er-45 Zr 
alloys contained a second type of h cp  solid 
solution phase which exhibited a weak modulated 
microstructure. A typical example is shown in 
Fig. 5. Selected-area electron diffraction patterns 
corresponding to these regions revealed reflections 

Figure 5 Weakly modulated microstrnctu~e in a splat- 
cooled Er-45 at. % Zr alloy. 



Figure 6 (a) Electron diffraction pattern taken from a 
splat-cooled Er-45 at. % Zr alloy showing the reflections 
from retained beta (b c c) phase superimposed on the 
pattern due to martensitic h cp phase (at). (b) The 
bright-field microgxaph corresponding to (a). (c) A dark- 
field micrograph obtained by imaging the (1 1 0)fl re- 
flection showing 13-phase regions with precipitates. 

due to only a single h c p phase, the lattice con- 
stants of  which were slightly larger than those the 
martensitic h c p phase in this alloy. The spots in 
this pattern were, however, broadened but not 
streaked. It is believed that the modulations in 
the microstructure represent compositional insta- 
bilities in the metastable solid solutions. Hence- 
forth, this metastable h cp  phase will be desig- 
nated by am. Similar modulated structures have 
been previously observed in splat-cooled Ag-Cu 
alloys also [5]. 

Although the X-ray powder diffraction patterns 
obtained from the splat-cooled Er -45  Zr alloy 
indicated the presence of only a single h c p phase, 
the selected-area electron diffraction patterns 
taken from isolated areas of the foils revealed, in 
addition, the existence of small amounts of a 
metastable b c c phase. Fig. 6a shows a typical 

example. The spots in this diffraction pattern can 
be indexed as those due to (1 00) oriented b c c  
phase superimposed on those due to a coexisting 
(1 0 ]" 1) oriented a'-phase. The lattice constants of 
this at-phase was identical to that reported earlier 
while that of the fl-phase was estimated to be 
3.71 A. The overall microstructure of  this region is 
shown in Fig. 6b. The identification of the a '  and 
fl regions in this micrograph was made by forming 
dark-field images of prominent a '  and fl reflec- 
tions. Fig. 6c is a dark-field micrograph obtained 
by using the (1 1 0)fl reflection in which the (3- 
phase regions are resolved. It can be seen that the 
13-phase is internally twinned and contains a dis- 
persion of fine precipitates. A careful examination 
of the diffraction pattern in Fig. 6a shows that, 
apart from the a '  and fl reflections, it contains 
additional faint spots which can be indexed as 
those due to a second h c p phase having (21 1 0) 
orientation. Lattice constants of this phase esti- 
mated from this pattern were much larger than 
that of the a t phase indicating that they must be 
richer in Er. The precipitates of this phase are re- 
solved in Fig. 6c since the {1 010} reflection due 
to this phase nearly coincides with that of the 
(1 1 0)fl reflection. It  is believed that these Er-rich 
precipitates are formed by the partial decompo- 
sition of the fl-phase during the quench. 

Electron microscopy studies of splat cooled 
Er-58% and Er-70% Zr alloys showed micro- 
structural features which were similar in many 
respects to those observed in the Er-45% Zr alloy. 
However, with increase in Zr content, there was a 
'corresponding increase in the relative amount of 
the martensitic a ~ phase. In addition, the marten- 
sitic platelets exhibited a roughly acicular mor- 
phology. Fig. 7a shows a typical bright-field micro- 
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Figure 7 (a) Bright-field micrograph showing the micro- 
structure of martensitically transformed regions in splat- 
cooled Er-58 at.%Zr alloy. (b) Selected-area electron 
diffraction pattern corresponding to the region in (a) 
showing the superimposed patterns from fl and a' phases. 
(e) Dark-field micrograph obtained by imaging the 
( l l00)a  w reflection revealing the morphology of the 
martensitic a w phase. 

graph illustrating the overall morphology of a 
martensitically transformed region in the Er-58% 
Zr alloy. The corresponding selected area diffrac- 
tion pattern is shown in Fig. 7b. Dark-field mi- 
croscopy was used to aid in the indexing of this 
pattern. A detailed analysis showed that this pat- 
tern is composed of the reflections from the 
(0 0 0 1) oriented a'-phase superimposed on the 
spot pattern due to the (1 1 0) oriented fl matrix. 
It can be seen that the martensitic ~' phase main- 
tains approximate Burgers orientation relationship 
with the fl-phase, i.e. (0001)a, l l(ll0)~ and 
(1 1 50)I1(1 1 1)fl which is expected if the h c p  
phase is formed from the parent fl phase. Fig. 7c is 
a dark-field micrograph obtained by imaging the 
(1 0 T0)~' reflection. The acicular morphology of 
the martensitic ~ phase is clearly evident in this 
micrograph. 

In addition to the a'-phase, the diffraction pat- 
tern in Fig. 7b also shows reflections from a sec- 
ond h C p phase also having (0 0 0 1) orientation but 
having lattice constants larger than those of ~'. 

Figure 8 (a) Bright-field micrograph illustrating the microstructure of splat-cooled Er-80 at. % Zr alloy. (b) Dark-field 
micrograph corresponding to (a) showing precipitation within ~artensite platel~ts. 
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These are believed to be caused by Er-rich pre- 
cipitates which result from the partial decom- 
position of the retained r-phase. This was con- 
firmed by dark-field analysis, which revealed a dis- 
persion of fine precipitate particles in the r-phase 
regions (Fig. 7c). As in the case of the splat-cooled 
Er-45% Zr alloy previously described, alloys con- 
taining 58% and 70% Zr also revealed the presence 
of non-martensitic h cp solid solution regions 
having a modulated structure. 

The microstructure of splat-cooled Er-80% Zr 
alloy was composed almost exclusively of the mar- 
tensitic h c p solid solution, a'. A typical example 
is shown in Fig. 8a. Unlike the alloys of lower Zr 
contents, there is clear evidence for the occurrence 
of a precipitation reaction within the martensitic 
platelets. By using selected-area electron diffrac- 
tion analysis the precipitates were identified as 
those of an Er rich h c p phase. Fig. 8b shows a 
dark-field micrograph obtained by imaging a 
prominent precipitate reflection and reveals the 
precipitate particles, which are aligned roughly 
perpendicular to the long axis of the martensitic 
platelets. In addition to the martensitic a', small 
amounts of  the retained r-phase was also detected 
in this alloy. 

3.2.  Anneal ing of  spla t -cooled alloys. 
Splat-cooled Er -Zr  alloys were isothermally 
annealed at temperatures in the range of ambient 
(~  25 ~ C) to 600~ to ascertain the stability of 
the as-quenched metastable structures and to 
establish the sequence of the decomposition 
reactions. Only alloys of compositions of 45, 58 
and 70 at. % Zr were used in this study. 

No change was detected in the microstructures 
of the as-quenched alloys up to a period of 30 
days at room temperature. Upon annealing at 
180 ~ C and above, evidence for the initiation of a 
decomposition process was observed in the elec- 
tron micrographs from all three alloys. The overall 
decomposition behaviour of the 45, 58 and 70 at. 
% Zr alloys during annealing was similar in most 
respects. Since the structure of the as-quenched 
alloys was composed of a mixture of the marten- 
sitic a', the weakly modulated a m and retained 
fl-phases, ageing characteristics of each of these 
phases will be treated separately. 

3.2. 1. Decomposition of the martensitic 
oz'-pbase 

The decomposition of the martensitic a'-phase in 

Figure9 Microstructure of splat-cooled Er-58at%Zr 
alloy following ageing at 180~ for 250h showing sharp- 
ening of the microtwin boundaries. 

splat-cooled Er-Zr  alloys was found to be ex- 
tremely sluggish at temperatures below ~300 ~ C. 
During annealing at 180 ~ C, the boundaries of the 
internal microtwins became progressively sharper 
with annealing time. Annealing for a period of 
250h resulted in the appearance of pronounced 
strain field contrast parallel to these microtwin 
boundaries. A typical example for the case of 
Er-58% Zr alloy is shown in Fig. 9. The selected- 
area electron diffraction patterns corresponding to 
this region, however, did not show any evidence 
for the presence of a second phase. As will be 
shown later this sharpening of the microtwin 
boundaries and the subsequent development of 
strain-field contrast are the result of segregation of 
excess solute (Er in the present case) to these 
boundaries. Continued ageing at 180~ for 
periods in excess of 350h did not produce any 
further change in the microstructure. 

When annealed at 250~ for l15h,  it was 
possible to detect the formation of thin plate-like 
precipitates parallel to the microtwin boundaries. 
The corresponding selected-area diffraction pat- 
terns revealed the presence of extra reflections 
which were displaced radially from the matrix 
spots towards the centre (Fig. 10a). An analysis of 
this pattern shows that the second phase has the 
same structure and orientation as the parent 
a'-phase and possesses lattice constants which are 
larger than those of a'. The precipitates are, there- 
fore, believed to be those of the equilibrium a~r- 
phase. A dark-field rnicrograph obtained by 
imaging a precipitate reflection is shown in Fig. 
10b and reveals the precipitate platelets in 
contrast. 
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Figure 10 (a) Selected-area electron diffraction pattern from splat-cooled Er-58 at. % Zr alloy following 115 h anneal- 
ing at 250 ~ C. Note the presence of additional reflections radially displaced from the matrix spots towards the centre. 
(b) Dark-field micrograph obtained by imaging an extra reflection in (a) revealing precipitate platelets parallel to the 
microtwins within the martensite. 

Figure 11 The microstructure of splat-cooled Er-58 at. % 
Zr alloy following 3 h annealing at 450 ~ C showing the 
formation of second phase platelets. 

During annealing at 350 and 450 ~ C the kinetics 
of the martensite decomposition reaction was 
found to be significantly more rapid. Continued 
ageing at these temperatures resulted in the thick- 
ening of the precipitates platelets to develop a well 
defined lamaller structure. Fig. 11 shows resulting 
microstructure for the Er-158% Zr alloy follow- 
ing 3 h ageing at 450~ The lattice constants of 
the parent o~'-phase were found to decrease gradu- 
ally with increase in annealing time suggesting that 
d becomes progressively richer in Zr as the decom- 
position reaction proceeds. 

3.2.2 Decomposition of weakly modulated 
am -phase 

In the regions of the splat-cooled alloy, which 
exhibited a weak modulated h c p structure in the 
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Figure 12 Bright-field micrograph showing sharpening of 
the modulated structure of splat-cooled Er-70 at.%Zr 
alloy following annealing at 180 ~ C for 350 h. 

quenched state, the initial stages of  decomposition 
during annealing at 180 and 250 ~ C was marked by 
a sharpening of  the modulations as shown in Fig. 
12. The corresponding selected-area electron dif- 
fraction pattern, did not show any additional 
reflections due to a second phase. However, in 
many cases higher order reflections were split. 
Tl~ds splitting is regarded as an indication of the 
forma~on of a precipitate phase which differ 
from the matrix only in its composition and hence 
in its lattice spacings. Annealing at 180~ for 
periods of time in excess of 350h did not produce 
any further changes in the microstructure of the 
splat-cooled alloys. At 250 ~ C, on the other hand, 
continued ageing resulted in the formation of a 
roughly columnar structure which evolved from 
the modulated microstructure. A typical example 



Figure 13 (a) Bright-field micrograph showing the devel- 
opment of a columnar-type structure in the same alloy as 
in Fig. 12 following annealing at 250~ for 350h. (b) 
Selected-area diffraction pattern corresponding to the 
area in (a) showing the presence of extra reflections due 
to an Er-rich second phase (indicated by arrows). (c) A 
dark-field micrograph of the region in (a) obtained by 
imaging with an extra reflection showing the presence of 
precipitates. 

of this type of microstructure for the Er-70% Zr 
alloy, aged at 250~ for 350h and the corre- 
sponding selected-area diffraction pattern are 
shown in Fig. 13a and b respectively. In addition 
to the reflections from the parent h cp solid 
solution (a ~ 3.31 A and c ~ 5.20 A), a number of 
extra spots which can be indexed as those due to a 
second h c p phase having the same orientation but 
with larger lattice constants ( a ~ 3 . 4 8 A ,  c ~  
5.44 A) than the matrix. Since the latter values of 
the lattice constants agree reasonably well with 
those for aEr, the precipitate phase has been ident- 
ified as the equilibrium a-Er. Fig. 13c is a dark-field 
micrograph obtained by imaging a prominent 
precipitate reflection and illustrates the (000 1) 

aligned morphology and distribution of the pro- 
duct phase. 

As in the case of the martensitic a' phase, the 
decomposition of the a m phase was very sluggish 
at temperatures below ~ 300 ~ C and did not go to 
completion even after ageing for 350h. However, 
at 350,450 and 600 ~ C, the kinetics of the decom- 
position reaction was sufficiently rapid to allow 
near equilibrium structures to be formed within 
shorter periods of time. The decomposition of the 
metastable am-phase at these temperatures was 
found to proceed in a fashion similar to cellular or 
discontinuous precipitation [7]. The decompos- 
ition begins with the heterogeneous nucleation of 
a small colony or cell of the equilibrium a-Er and 
a-Zr phases at the grain boundaries and proceeds 
by the migration of the cell boundary into the un- 
transformed regions, thus slowly consuming it. 
Fig. 14a shows a bright-field micrograph obtained 
from the Er-70% Zr alloy following annealing at 
350 ~ C for 115 h. Evident in this micrograph is the 
boundary of the a-Er + a-Zr cell region (region I) 
advancing into the untransformed matrix (region 
II). By using selected-area diffraction analysis it 
was confirmed that both regions I and II have the 
same crystallographic orientation. Diffraction 
pattern corresponding to the boundary region 
(Fig. 14b) shows that radially displaced on either 
side of the reflections from the parent h c p phase, 
there exist two additional sets of reflections, 
corresponding to the equilibrium phases a~.r and 
azr- With increase in annealing time, aEr and azr 
reflections increased in their intensity while the 
matrix reflections decreased in their intensity. 
However, no noticeable shift in the position of 
these reflections occurred during prolonged 
annealing. Fig. 14c shows a dark-field micrograph 
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Figure 14 (a) Bright-field electron micrograph of a splat- 
cooled E r - 7 0  at. % Zr ahoy following ageing at 350 ~ C for 
l 1 5 h ,  showing boundary of region I advancing into 
region II during cellular decomposition reaction. (b) 
Selected-area diffraction pattern taken from the region 
near the boundary in (a). Notice the presence of two sets 
of additional reflections due to the equilibrium phases 
aEr and aZr; one set radially displaced towards the inside 
and the other towards the outside of the a m matrix 
reflections. (c) Dark-field micrograph obtained by imaging 
an aEr reflection showing the distribution of ~ pre- 
cipitates in region I. 

obtained by imaging a prominent azr reflection 
(indicated by arrow in Fig. 14b) and reveals the 
morphology and distribution of the aEr precipi- 
tates in the cellular-region. Similar decomposition 
behaviour was observed also in specimens annealed 
at 450 and 600 ~ C. 

The results of the X-ray diffraction analysis 
carried out on splat-cooled alloys in the middle of 
the composition range following high temperature 
annealing ( T >  300 ~ C)were in general agreement 
with the electron microscopy observations. Pow- 
der X-ray diffraction patterns obtained from thick 
samples of the 45, 58 and 70at .%Zr alloys indi- 
cated that isothermal annealing at 350, 450 and 
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600 ~ C resulted in the simultaneous appearance of 
two sets of diffraction lines which lie on either 
side of the lines due to the parent solid solution. 
The lattice constants of these new phases were 
close to those expected for the equilibrium aEr 
and azr phases. It was found that the precipitation 
of the equilibrium phases did not cause any ap- 
preciable shift in the angular positions of the 
matrix diffraction lines. As decomposition pro. 
ceeds the intensity of the lines due to the product 
phases increases and that of the parent phase 
decreases without there being any significant 
change in their relative positions. These obser- 
vations indicate that during the decomposition 
only the relative volume fractions of the parent 
and product phases vary and no continuous 
changes in the composition (and hence in the 
lattice constants) occur in the parent phase. This 
is consistent with the behaviour expected during a 
cellular or discontinuous precipitation reaction. 

4. Discussion 
The results of the electron microscopy studies 
clearly demonstrate that the microstructure of 
splat-cooled Er-Zr  alloys are more complex than 
what was originally inferred from X-ray diffrac- 
tion analysis. In what follows we shall examine the 
phase structure of the different splat-cooled alloys 
in relation to the Er-Zr  equilibrium phase diagram 
(Fig. 1) and propose a probable mechanism by 
which continuous series of solid solutions are 
formed between Er and Zr in their low tempera- 
ture h cp allotropic form, during splat cooling. 

The formation of a single supersaturated h c p 
solid solution, in the case of the splat-cooled 
Er-20% Zr alloy is not surprising, since according 
to the phase diagram an h c p solid solution of this 
composition is stable at elevated temperatures can 



be formed directly from the melt during solidifi- 
cation. By rapid quenching this phase can be 
retained at room temperature in the metastable 
state. The formation of the h c p  solid solutions 
with extended solubility in the case of the Er-45,  
58, 70 and 80a t .%Zr  alloys, on the other hand, 
does not seem feasible from phase diagram con- 
siderations alone. However, microstructural studies 
have revealed that in all cases where extended solid 
solubility was observed, the metastable h c p solid 
solutions exhibit a strong martinsitic character. 
Since martensitic structures can result only from a 
solid state phase transformation of the diffusion- 
less-type, it follows that splat-cooling of the above 
alloys should involve initially the formation of an 
unstable high temperature phase, which during 
cooling to room temperature transforms to the 
low temperature allotropic form. An examination 
of the phase diagram shows that in the above 
alloys, with the exception of the Er-45% Zr alloy, 
solidification of the melt can initially produce a 
b cc  03) solid solution the same composition, 
which is stable at high temperatures. Rapid 
quenching of this phase to room temperature leads 
to a martensitic reaction, which produces an h cp 
solid solution having the same composition. The 
fact that small amount of  the retained beta phase 
was detected in all the alloys with Zr content in 
excess of 40% and that the martensitic h c p phase 
maintained Burgers orientation relationship with 
the i3-phase support the above suggestion. Even in 
the case of the Er-45% Zr alloy, it is reasonable to 
assume that splat-cooling extends the solubility of 
Er in /3-Zr beyond the equilibrium value (48 at. % 
Er at the eutectic temperature, ~ 1480 + C) so that 
a single b c c phase can be formed immediately 
upon freezing. The extended solid solubility in the 
h cp  phase observed at room temperature can, 
thus, be regarded as a direct consequence of the 
extended solubility in the high temperature fl- 
phase and the subsequent occurrence of the 
martensitic transformation. 

As for the martensitic phase transformation, it 
is well known that in Zr and its dilute alloys with 
transition metal elements, b c c + h c p transfor- 
mation occurs by a martensitic reaction when 
quenched rapidly from the /3-phase field to room 
temperature [8]. It is reasonable to assume that a 
similar transformation might occur in alloys of Zr 
with rare earth elements also. The probabilit~r of 
the occurrence of the/3 ~ a '  martensitic transfor- 
mation in splat-cooled Er-Zr alloys would be en- 

hanced further by the fact that specimens pro- 
duced by splat cooling are, in general, extremely 
thin. It is well known that the constraints to a 
shear transformation are negligible in thin foil 
specimens as compared to those present in bulk 
crystals so that there can be a significant reduction 
in the non-chemical component of the free energy 
change associated with the transformation [9, 10]. 
As a result, the Ms (martensite start) temperature 
in thin foils will be raised well above that for a 
bulk crystal. The high degree of internal stresses 
introduced as a result of rapid quenching from 
liquid state may also provide additional driving 
force for the shear transformation in the present 
~ase. 

The variations in the microstructures of samples 
taken from a different area of  a given splat-cooled 
alloy, can probably be rationalized on the basis of 
the differences in the cooling rates which prevail in 
different regions of a splat-cooled alloy. As has 
been pointed out by Duwez [11], the cooling 
rates achieved during splat cooling are inversely 
related to the specimen thickness. A two-fold 
increase in specimen thickness is equivalent to a 
ten-fold decrease in cooling rate. Consequently, in 
relatively thicker regions of the specimen where 
the cooling rates are low particularly for alloys in 
the middle of  the phase diagram, solidification of 
the melt may lead to the formation of  a mixture 
of supersaturated a- and 13-phases at high tempera- 
tures rather than all beta. 

On cooling down to room temperatures at rates 
below the critical value required for the marten- 
sitic transformation to occur, these phases may 
decompose by a diffusional reaction. The h cp 
solid solution having the modulated structure is 
believed to be the product of such a reaction. 

The ageing studies on splat-cooled E r -Z r  alloy 
have shown that the metastable structures pro- 
duced by splat-cooling remain stable for prolonged 
periods at temperatures below ~ 200 ~ C. At higher 
temperatures, however, both the martensitic a '  
and the modulated h c p solid solution o~ m decom- 
pose into equilibrium a ~  and az~ phases. The 
decomposition of the martensitic a'-phase is simi- 
lar in many respects to the tempering reaction 
observed in hexagonal martensites in many Zr and 
Ti alloys [8, 12]. In all these cases the twin inter- 
faces are known to provide effective hetero- 
geneous nucleation sites for the equilibrium phase 
(aEr in the present case) which form as thin plate- 
lets parallel to these interfaces, The precipitation 
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of Er-rich aEr-phase causes the remaining matrix 
to become progressively enriched in Zr and thus 
transform to azr- 

The spinodal type of decomposition reaction 
observed during tow temperature (T<300~ 
ageing of am-phase is not surprising since the pro- 
duct phases aEr and azr differ from the parent 
phase only in their composition. However, owing 
to the large diff'erences in the lattice constants of 
the azr and aEr phases (i.e. large misfit strain) a 
true spinodal decomposition probably does not 
occur in the present case (no side band structure 
was observed in the diffraction pattern). The phase 
separation occurs instead through a nucleation and 
growth process. 

Both the X-ray diffraction and electron mi- 
croscopy results indicate the occurrence of a cell- 
ular or discontinuous precipitation reaction during 
ageing at or above 350 ~ C. It is known that in 
many age-hardening alloys (e.g. A1-Ag and 
Fe-Mo) discontinuous precipitation reaction 
occurs at later stages of ageing during which equi- 
librium phases are formed from metastable phases 
[13, 14]. The driving force for the migration of 
the boundary of the cell consisting of the equi- 
hbrium phases into the untransformed parent 
phase can be purely chemical or also due to strain 
energy effects. The latter is known to play a role 
when precipitation occurs from supersaturated 
solid solutions in which the solute atoms greatly 
differ in size from that of solvent atoms. It is 
evident that both types of driving force exist in 
the case of splat-cooled Er-Zr alloys. The fact 
that higher ageing temperatures promote rapid 

diffusion and interface mobility probably explains 
why the cellular decomposition reaction is ob- 
served only at these temperatures. 

5. Conclusions 
(1) The electron microscopy studies of the splat- 
cooled Er-Zr alloys over the entire composition 
range have shown that the microstructure of alloys 
having higher Zr content is composed predomi- 
nantly of a supersaturated h cp solid solution 
phase exhibiting largely martensitic character and 
also of small amounts of retained/3-phase. 

(2) Since the riaartensitic phase can result only 
through a diffusionless solid state shear transfor- 
mation from a high temperature unstable phase, it 
is proposed that the formation of the continuous 
series of supersaturated solid solution in the low 
temperature h cp allotropic form, during splat 
cooling involves initially the formation of a meta- 
stable b c c phase. 

(3) The extended solid solubility of the h cp 
phase is thus a consequence of the extended solid 
solubility in the high temperature p-phase and the 
subsequent martensitic transformation of t3 to 
form a of the same composition. 

(4) The variations in the microstructure of dif- 
ferent parts of a given foil have been rationalized 
on the basis of the variations in the cooling rates 
which prevails in different regions of the foils as a 
result of the variations in sample thickness. 

(5) On the basis of file present study we pro- 
pose the following sequence of transformations 
during splat cooling and subsequent isothermal 
annealing: 
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high cooling 
rates 
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bcc phase) 

diffusionless 
transformation 

Liquid 
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splat cooling 

lower cooling 
rates 

13 +a (supersaturated) 

diffusional 
decomposition 
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annealing hcp phase 
with extended solubility) 

annealing 

tem )ered 
martensite 
lEEr Jr CtZr) 

T >I 300~  

decomposed 
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modulated structure) 

I annea ng 

i T< 3OO~ 

phase 
separation 
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cellular 
reaction 
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