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A comparative study of precipitation at 
interphase boundaries in Fe-Cu- Ni and 
Fe- Au-Ni alloys 

R. A. RICKS 
Department of Metallurgy and Materials Science, University of Cambridge, 
Pembroke Street, Cambridge, UK 

This paper reports the results of a comparative study on the formation of interphase 
boundary nucleated precipitates in an Fe-2 wt% Cu-2 wt% Ni and an Fe-4 wt% A u -  
2 wt% Ni alloy. High-speed dilatometry has been used to determine the kinetics of the 
austenite-ferrite transformation in these alloys and the resultant microstructures have 
been investigated using both light microscopy and transmission electron microscopy. The 
differences in precipitate morphology observed are discussed in terms of the reaction 
kinetics of the two alloys. 

1. Introduction 
The formation of carbide precipitates on a migra- 
ting austenite-ferrite interphase boundary during 
the decomposition of austenite has been studied 
extensively in steels and has received many excel- 
lent reviews [!, 2]. Recently this interphase pre- 
cipitation reaction has also been observed in 
carbon-free iron-based alloys, in which the pre- 
cipitating phase was e-Cu [3]. Although the reac- 
tion was found to be essentially similar for both 
carbide and e-Cu precipitation, only particulate 
copper precipitates were observed, Whereas in 
steels a fibrous carbide morphology is commonly 
seen. 

One major difference between the precipitation 
reactions involving alloy carbides and e-Cu in steels 
is that copper is known to undergo a pre-precipita- 
tion or clustering stage, where b c c copper clusters 
are formed in the ferrite matrix prior to the 
formation of fc c copper precipitates [4]. This is 
thought to be a consequence of the low strain 
energy involved, since the atomic sizes of the iron 
and copper atoms only differ by approximately 
0.3% [5]. The consequences of this pre-precipita- 
tion clustering stage result in a lowering of the 
nucleation energy barrier allowing the formation 
of a homogeneous dispersion of e-Cu precipitates 
in the ferrite [6]. 

In contrast the atomic sizes of iron and gold 

differ by 12.6% and therefore the precipitation of 
Au from supersaturated ferrite does not involve 
any pre-precipitation stage [5]. Thus, the precipi- 
tation of Au in Fe is similar to the precipitation 
of the majority of alloy carbides in steels, where 
the high nucleation barrier favours precipitation 
on grain boundaries and dislocations. 

The purpose of this paper is to investigate the 
effect of strain energy in the formation of precipi- 
tation on interphase boundaries in an F e -  
2wt%Cu-2wt%Ni  alloy and an F e - 4 w t % A u -  
2 wt%Ni alloy. These compositions were chosen 
to ensure approximately equivalent supersatura- 
tions of the ferrite in both alloys in the isothermal 
transformation termperature range thus ensuring 
that any change in precipitation behaviour should 
be associated with the difference in strain energy. 

2. Experimerrtal procedure 
The alloys used in this investigation were made 
from high-purity base elements, melted in an argon 
arc furnace to give the following compositions: 

Actual 
F e -  1.9 wt% Cu-  1.9 wt% Ni 
Fe-3.8 wt% Au-2.0 wt% Ni 

Nominal 
Fe -2  wt% Cu-2 wt% Ni 
F e -4  wt% Au-2  wt% Ni. 
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Figure 1 Dilatometrically determined TTT diagram for 
the F e - 2 w t % C u - 2 w t % N i  alloy showing the reaction 
start and finish curves and the experimentally determined 
Ac~, Ac~ temperatures. 

Each alloy was homogenized at 1200~ for 72h '  
prior to heat treatment in a de-oxidized tin bath 
pre-set at the required transformation tempera- 
ture. Optical microscopy of the heat-treated speci- 
men material was performed using a Zeiss Univer- 
sal microscope with an etchant of 2% nital. Speci- 
mens for electron microscopy were prepared from 
discs, 3 mm in diameter, punched from the heat- 
treated material, using a twin-jet electropolisher 
with an electrolyte consisting of 10vot% per- 
chloric acid, 20vo1% glycerol and 76 vol% ethanol. 
All electron microscopy was performed on a 
Philips EM 300 operating at 100 kV. 

The time-temperature-transformation (TTT) 
curves for the two alloys were obtained using a 
high-speed dilatometer employing helium gas as a 
quenchant. Specimens for dilatometry were in 
the form of hollow rods, 15 mm long, 3 mm diam- 
eter, with a wall thickness of 0.5 mm. Using speci- 
mens of these dimensions quench rates of up to 
300 ~ C sec -I could be attained. 

3. Results 
3.1. F e - 2 w t % C u - 2 w t %  Ni alloy 
The austenite-ferrite transformation in this 
alloy has been studied previously [3] and only a 
brief outline of the reaction kinetics and ferrite 
morphologies obtained will be given here. Fig. 1 
shows the dilatometrically determined TTT curve 
for this alloy. The pronounced discontinuity ob- 
served in the reaction finish curve was shown by 
Ricks et  al. [3] to be due to a changeover in 
solute diffusion paths at the temperature of the 
discontinuity. Thus, above approximately 690~ 
the ferrite was often observed to contain a dis- 
persion of interfacial nucleated e-Cu precipitates 
(Fig. 2), the formation of which involved the dif- 
fusion of copper in the interphase boundary. 
Below 690 ~ C only supersaturated ferrite was ob- 
served, which involves only transboundary dif- 
fusion of copper. The morphology of the e-Cu 
dispersions in the ferrite formed above 695~ 
could consist of either planar sheets of precipi- 
tates (Fig. 2a) which most probably formed on 

Figure 2 e-Cu centred dark-field transmission electron micrographs showing (a) planar sheets of precipitates, formed on 
low energy interphase boundaries, and (b) irregular curved sheets of precipitates (arrowed), formed on high energy 
boundaries. 
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partially coherent low-energy interphase boun- 
daries, or curved sheets of precipitates (Fig. 2b) 
which formed on high,energy interphase boun- 
daries. 

3.2, F e - 4  w t %  A u - 2  w t %  Ni a l loy  
The dilatometrically determined TTT curve for 
this alloy is shown in Fig. 3. Compared with that 
of the copper-beating alloy (Fig. 1) the ferrite 
reaction is seen to nucleate more slowly in this 
alloy and a discontinuity in the reaction start 
curve was detected at about 690~ The ex- 
tremely sluggish nature of the ferrite reaction 
above this temperature prohibited the acquisition 
of accurate reaction finish times; hence, it could 
not be ascertained whether a similar discontinuity 
existed in the reaction finish curve. 

Examination of specimens transformed above 
and below the temperature of the discontinuity 
( " 6 9 0  ~ C) by fight microscopy showed that in 
both temperature regimes equiaxed ferrite was 
formed (Fig. 4). However, examination at higher 
magnification revealed that the ferrite formed 
at temperatures above 690 ~ C contained sheets of 
precipitates (Fig. 5). This observation was con- 
firmed by electron microscopy, which also showed 
that the precipitate dispersions could have several 
morphologies, namely, 

(i) approximately planar sheets of Au precipi- 
tates (Fig. 6a), 

(ii) curved, irregular sheets of Au precipitates 
(Fig. 6b), 

Off) fibrous precipitation of Au (Fig. 6c). 
Electron diffraction evidence suggested that in 

Figure 4 Light optical micrograph showing equiaxed fer- 
rite formed by isothermal transformation at 720~ for 
2h. 

all cases the orientation relationship between the 
ferrite and the gold precipitates was consistent 
with Baker-Nutting orientation relationship [7], 
i.e. 

(00 1)nu//((30 1)r~ 
[1 1 01 Au // [1 0 01 Fe, 

as originally observed by Higgins and Wilkes (8). 

This orientation relationship is to be expected 
since the lattice mismatch between iron and gold 
is approximately the same as that between iron 

letup'- . . . . . . . . . . . . . . . . . . . . . . .  Aca 
(%) 
760 - ....................... Aq 

720" 

680- 

640- 

600- / 

/ 
560 , . . . .  

lO 10o lO00 lO,0O0 
fime(sec) 

Figure 3 DilatometricaUy determined TTT diagram for 
the Fe-4 wt% Au--2 wt% Ni alloy. 
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Figure 5 Light optical micrograph showing the banded 
dispersion of the Au precipitates in equiaxed ferrite 
formed by isothermal transformation at 735 ~ C for 1 h. 



Figure 6 Bright-field transmission electron micrographs 
showing the Au precipitate morphology formed by iso- 
thermal transformation at 720~ for 2h. (a) Approxi- 
mately planar sheets of Au precipitates, (b) irregular 
curved sheets of precipitates and (c) fibrous precipitates. 

and the MC carbides which also obey this orienta- 
tion relationship. 

The planar sheets of gold precipitates (Fig. 6a) 
imply that the interphase boundary on which they 
were formed was low-energy in nature and thus 
this type of precipitate dispersion is directly anal- 
ogous to that observed in the F e - 2 w t % C u -  
2wt%Ni ahoy (Fig. 2a). Similarly, the curved, 
irregular sheets shown in Fig. 6b are most prob- 
ably associated with the migration of a high-energy 
interphase boundary, in the same manner as the 
formation of the equivalent precipitate dispersion 
in the Fe -2  wt% Cu-2 wt% Ni alloy. In contrast 
to the e-Cu precipitates however, which were ap- 
proximately spherical in shape, the gold precipi- 
tates were plate-shaped and had a distinct habit 

plane with the ferrite. Hornbogen [5] has shown 
that this habit plane is close to (1 00)a and of 
particular interest is that the precipitates which 
nucleate on the austenite-ferrite interface gen- 
erally adopt the same habit plane and crystallo- 
graphic orientation (Fig. 7). Occasionally a few 
precipitates were observed to choose an alterna- 
tive habit plane (Fig. 8) which usually caused a 
"step" in the plane of the sheet of precipitates. 
This will be discussed further in Section 4. In all 
cases the observed particulate precipitate disper- 
sions in the Fe -4  wt% Au-2 wt% Ni alloy were 
much coarser than those observed m the F e -  
2 wt% Cu-2 wt%Ni alloy. 

The fibrous precipitate morphology observed in 
this alloy has no direct counterpart in the F e - C u -  
Ni alloy. This type of precipitation was less 
commonly observed than the two particulate 
dispersions, and occasionally both could be 
observed together (Fig. 9). This latter observation 
implies that the same interphase boundary can 
form either a particulate or fibrous precipitate 
colony. 

Electron microscopy of specimens transformed 
below 690 ~ C revealed that the ferrite was formed 
supersaturated with respect to gold, although sub- 
sequent precipitation of gold on dislocations and 
grain boundaries rapidly occurred (Fig. 10). 
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Figure 7 Au-centred dark-field transmission electron mic- 
rograph showing the univariance in orientation relation- 
ship of the precipitates in any colony. 

4. Discussion 
The growth rate of ferrite in alloys which form 
colonies of interphase precipitation will be a 
sensitive function of such parameters as the dif- 
fusivity of the solute and the nucleation rate of 
the precipitating phase on the interphase boun- 
dary. In the Fe -Cu-Ni  alloy, Ricks et al. [31 
concluded that in the temperature range where 
e-Cu interphase precipitation was formed (approxi- 
mately 725 to 695 ~ C) the diffusion path taken by 
the solute (cu) was confined to the interphase 
boundaries. Subsequent investigations [9] con- 

cerning the use of scanning transmission electron 
microscopy/energy dispersive spectroscopy (STEM/ 
EDS) analysis have shown that within the spatial 
resolution of the technique (30 nm), no volume 
diffusion in austenite occurs in these alloys. In 
view of the similarities, both kinetic and micro- 
structural, which exist in the two alloys investiga- 
ted here, it seems likely that solute diffusion is 
indeed confined to the interphase boundary. 

Very little detailed information exists con- 
ceming solute diffusivities in interphase boun- 
daries and, furthermore, the diffusivity in a migrat- 
ing interphase boundary is likely to be dissimilar 
to that in a static boundary. It is, therefore, not 
possible to accurately calculate the growth rate of 
an interphase boundary which is controlled by the 
diffusion of solute atoms within the boundary. 
Thus it is impossible to state unambiguously 
whether the sluggish ferrite growth rate observed 
in both alloys at high temperatures was controlled 
by solute diffusion or the nucleation rate of pre- 
cipitates, which periodically relieves the build up 
of solute within the boundary. 

Despite this, some conclusions can be drawn 
from the results of this investigation. The growth 
rate of ferrite at high temperatures in the F e -  
4 wt% Au-2  wt% Nt alloy is approximately an 
order of magnitude slower than in the F e -  
2wt%Cu-2wt%Ni  alloy, at the same tempera- 
ture (cf. Figs 1 and 3). Furthermore, the resultant 
precipitate dispersions in the gold-bearing alloy 
were much coarser than in the copper alloy. This 
suggests, even if preferential growth of precipitates 

Figure 8 Bright-field transmission electron micrographs showing colonies of interphase Au precipitates in which at 
least two precipitate habit planes are observed. Isothermally transformed at 735 ~ C for 1 h. 
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Figure 9 Bright-field transmission electron micrograph 
showing concommitant formation of particulate and 
fibrous precipitates of Au. Isothermally transformed at 
735 ~  

is allowed for, that the nucleation rate of the gold 
precipitates on the interphase boundary was lower 
than that of the copper precipitates. This observed 
difference in precipitate dispersion morphology 
may imply that the pre-precipitation behaviour 
known to be associated with the formation of 
copper precipitates during ageing treatments could 
influence the ability of a migrating interphase 
boundary to nucleate interphase precipitation of 

Figure 10 Bright-field transmission electron micrograph 
showing large plate-shaped Au precipitates produced by 
the decomposition of supersaturated ferrite formed by 
isothermal transformation at 650 ~ C for 100 sec. 

e-Cu. The larger atomic size associated with gold 
atoms would prevent any pre-precipitation en- 
hancement of nucleation in the F e - 4 w t % A u -  
2 wt%Ni alloy, and thus there would be greater 
difficulty involved in forming a critical nucleus of 
a gold precipitate on the boundary. This hy- 
pothesis is substantiated by the observation of 
gold fibres in the F e - 4 w t % A u - 2 w t % N i  alloy 
which indicates that under certain conditions it 
is more favourable for the boundary to add solute 
to existing precipitates to form fibres as it mi- 
grates, rather than nucleate new precipitates. The 
observation of both particulate and fibrous pre- 
cipitates in the same colony (Fig. 10) suggests that 
the local conditions at the interphase boundary 
greatly influence the final precipitate morphology. 
The enhancement in nucleation rate which would 
be associated with a pre-precipitation stage in the 
formation of e-Cu precipitates could also explain 
the complete lack of any fibrous precipitates ob- 
served in the Fe -2  wt% Cu-2 wt% Ni alloy. 

It is interesting to note that the same condit- 
ions of slow ferrite growth rate and low precipitate 
nucleation rate are found at high transformation 
temperatures in alloy steels. Similarly, fibrous car- 
bide morphologies are also predominant in many 
alloy steels at these high transformation tempera- 
tures [1, 2, 10]. Furthermore, as the transforma- 
tion temperature is decreased, which, above the 
"nose" of the TTT diagram reduces the total 
transformation time and increases nucleation rates, 
particulate interphase precipitation is predom- 
inantly observed [11 ].  

The univariance of the precipitate colonies 
formed in the Fe -4  wt% Au-2  wt% Ni alloy is 
presumably a result of the influence of the local 
boundary habit plane at the time of nucleation 
(see [12]). Howell et  al. [13] observed that for 
precipitate planes which were related to the ferrite 
by a Kurdjumov-Sachs [14] orientation relation- 
ship (e.g. e-Cu), the univariance of interphase pre- 
cipitate colonies could be a result of the three- 
phase crystallography, generated across interfaces 
separating Kudjumov-Sachs [14] related austen- 
ite and ferrite. Since the gold precipitates were 
not observed to obey this Kurdjumov-Sachs [14] 
orientation relationship, then a three-phase crystal- 
lography is not possible and therefore cannot con- 
trol the selection of orientation or habit plane of 
the precipitates. Supportive evidence for the in- 
fluence of the habit plane of the boundary upon 
the habit plane selection of the precipitate comes 
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from Fig. 8, which shows that  occasionally the 
curvature of  the interphase boundary is such that  
a precipitate may  choose two different habi t  
planes depending on the local  habi t  plane of  the 
boundary.  

Finally,  the discontinuity in the reaction start 
curve of  the T T T  diagram for the Fe--4  w t % A u -  
2 wt% Ni alloy may be due to a segregation of  gold 
atoms to the austenite grain boundaries which may 
inhibit  ferrite nucleation as suggested by Shama 
and Purdy [15].  As the temperature of  trans- 
format ion is decreased the driving force for the 
ferrite reaction will increase and at some critical 
temperature,  given by the temperature of  the dis- 
continuity,  their inhibiting effect will be over- 

come. 

5. Summary and conclusions 
The results of  this investigation have shown the 

following: 
(a) The kinetics of  the aus teni te - fer r i te  reac- 

t ion in both  F e - 4 w t % A u - 2 w t % N i  and F e -  
2 wt% C u - 2  wt% Ni alloys at low undercoolings is 

sufficiently low to allow the formation of  inter- 
phase precipi tat ion of  Au and Cu, respectively. 

(b) At  lower transformation temperatures the 

driving force for the ferrite reaction increases suf- 
ficiently to prevent solute diffusion occurring in 
the interphase boundary.  This results in the forma- 
tion of  supersaturated ferrite which may decom- 
pose at the temperature of  transformation. 

(c) The difficulty associated with the forma- 

t ion of  nuclei o f  gold precipitates which results 
from the high strain energy associated with gold 
atoms in iron could account for the coarse precipi- 

tate dispersion observed in the F e - 4 w t % A u -  

2wt%Ni  alloy. Furthermore the observation of  
fibrous gold precipitates may be explained in 
terms of  the low precipitate nucleation rate on 
interphase boundaries in this alloy. 
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