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Temperature dependence of strength in a 
Cu3Au-5% Ni alloy and its relevance to the 
APB morphology 
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Temperature dependence of yield strength in a Cu3Au-5%Ni alloy is investigated by 
compression tests over a temperature range between 77 and 700 K. The ordered alloy 
having LI~ crystal structure exhibits swirl-like antiphase boundary morphology and was 
found not to possess the anomalous positive temperature dependence of strength. Nickel 
free Cu3Au alloy has been reported to have the mechanical anomaly like Ni3AI and to 
exhibit maze-like APB morphology. Such relevance between APB morphology and the 
temperature dependence of strength in L12 ordered alloys is discussed in terms of the 
relative phase stability between L12 and long period superlattice structures. 

1. Introduction 
The positive temperature dependence of yield 
strength has been observed in a number of L12 
ordered alloys, for example in Ni3A1 [1,2], Ni3Ga 
[3], and Co3Ti [4]. The thermally activated cross 
slip of screw dislocations onto cube planes, pro- 
posed by Kear and Wilsdorf [5], is the generally 
accepted mechanism for this anomalous mech- 
anical behaviour in these alloys. In order for this 
mechanism to operate, antiphase boundary (APB) 
energy on (10 0) planes should be lower than that 
on (1 1 1) slip planes in the crystal structure. Flinn 
[6] had deduced that APB energy in L12 ordered 
alloys is lowest on the (100)  plane when only 
the first nearest interaction is taken into account, 
and thereby, the increasing probability of occur- 
rence of such a cross slip with increasing tempera- 
ture can be expected in all of  the alloys with the 
crystal structure. However, there are many L12 
ordered alloys which exhibit normal temperature 
dependence of strength and, therefore, the aniso- 
tropy in APB energy must arise from more com- 
plicated reasons. 

It has been recognized that thermally produced 
antiphase domain boundaries in L12 ordered 
alloys, having order-disorder transformation, can 
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assume two types of morphologies, maze-like and 
swirl-like, as observed in thin foil transmission 
electron microscopy. The maze-like APB, square 
or rectangular networks in appearance, is observed 
in Cu3Au [7-13],  Au3Cu [14, 15] and Cu3Pt [16]. 
Trace analysis have shown that such networks con- 
sisted of (100)  APBs indicating that the APB 
energy is lowest on (10 0) planes in these alloys. 
The swirl-like APB has been observed in Ni3Fe 
[17-21] and Ni3Mn [18, 22-24],  where the 
morphology results from interracial tension of 
APB domains and not from anisotropy in APB 
energies. Wee et al. [25] have shown that a Ni3Fe 
single crystal shows no positive temperature 
dependence of flow stress associated with ther- 
mally activated cross slip mechanism. 

Yodogawa et al. [16] have shown that the 
morphology of APB in Cu3Au changes from maze 
to swirl-like when 5at%Ni addition was made 
to the alloy. This was attributed by them to the 
reduction in the electron-atom ratio (e/a) of the 
alloy by the nickel addition and hence, to the 
increase in relative phase stability of the L12 struc- 
ture against long period superlattice structures 
in which periodic (10 0) APB is characteristic. As 
was evidenced by Pope [26] and Kuramoto and 
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Pope [27], CuaAu does possess the positive tem- 
perature dependence of strength and, therefore, it 
is of interest to examine the relevance between the 
morphology of APB and the temperature depen- 
dence of strength in Cu3Au-5%Ni as compared 
to that of Cu3Au. 

2. Experimental procedure 
The alloy was prepared by arc melting using 
99.99% alloying elements under an argon atmos- 
phere. All ingot buttons were remelted together 
in a magnesia crucible with an electric furnace 
under the same atmosphere to obtain a uniform 
composition in a 27 mm diameter rod, which was 
then cold rolled to form 6 mm square rods. 

Compression tests were carried out at tempera- 
tures between 77 and 700 K. Specimens, 5 mm in 
diameter and lOmm in length, were cut from 
5 mm diameter rods which were machined from a 
6 mm square rod. An Instron-type testing machine 
was used for the test with a crosshead speed of 
O. lmmmin -1, giving a strain rate of approxi- 
mately 1.67 x lO-4sec -1. Low temperature tests 
down to 77 K were performed by immersing the 
compression jig in an appropriate bath at a con- 
stant temperature, and elevated temperature tests 
up to 700 K were conducted in an argon atmos- 
phere using a resistance furnace attached to the 
testing machine. 

Compressive yield strength, as measured by 
0.2% offset strength, was determined at various 
temperatures for both originally ordered and dis- 
ordered alloys. Ordering heat-treatment prior to 
the test consists of; (a) annealing at 1000 K for 
30 min followed by furnace cooling to 643 K, 20 K 
below order-disorder transformation temperature 
(Te) of the alloy determined by Yodogawa et  al. 

[16], (b) isothermal holding at this temperature 
for 85h, and then (c) continuous cooling to 
473K at a rate of 2.SKhr -1 followed by air 
cooling to ambient temperature. Specimens of 
disordered state were obtained by annealing at 
1000 K for 30 min followed by furnace cooling to 
725 K, 60K above To, and by water quenching 
after 10rain holding at this temperature. Speci- 
mens were placed in vacuum sealed silica tubes 
during each heat-treatment. 

The morphology of APB in the ordered alloys 
was observed by a JEOL 200CX electron micro- 
scope operated at 200kV. Thin foils were pre- 
pared by a twin-jet electropolisher using a CrO3- 
CH3COOH solution. 

Figure 1 Thin foil electron rnicrograph of antiphase boun- 
daries in ordered Cu3Au-5%Ni alloy, showing a typical 
swirl-like APB morphology. Foil normal is (1 1 0). 

3. Results and discussion 
The morphology of APB in an ordered Cu3Au- 
5%Ni alloy is shown in Fig. 1 exhibiting a typical 
swirl-like pattern, which is consistent with the 
results by Yodogawa et al. [16]. In their investi- 
gation they showed that the addition of nickel by 
up to 7% to a stoichiometric Cu3Au alloy did not 
affect its single-phase L12 structure. This can be 
also predicted by the Au-Cu-Ni  phase diagram 
determined by Raub and Engel [28]. It is ascer- 
tained that by an addition of 5%Ni to a Cu3Au 
the morphology of APB is altered from maze to 
swirl-like without changing its fundamental crystal 
structure. 

Results on compression tests for both the 
ordered and disordered Cu3Au-5%Ni are given in 
Figs. 2 and 3. The temperature dependence of 
yield or flow stress in CuaAu alloys reported by 
Pope [26, 29], Langdon and Dorn [30], and 
Mohamed [31] are also shown in both figures. 
In comparing the present results on the Cu3Au- 
5%Ni alloy to those previously reported for the 
Cu3Au alloys, considerable solid solution harden- 
ing by a 5%Ni addition can be recognized. Fig. 2 
shows the temperature dependence of strength 
in the initially disordered Cu3Au-5%Ni alloy as 
well as those reported for the Cu3Au alloys. The 
yield strength of the CuaAu-5%Ni alloy increases 
with increasing temperature at above 400 K in a 
manner closely resembling the data, by Mohamed 
[31], for a Cu3Au alloy. Such hardening has 
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~gure 2 Temperature dependence of 
strength in a disordered Cu3Au-5%Ni alloy. 
Data previously reported for Cu3Au alloys 
by Pope [26], Langdon and Dorn [30] and 
Mohamed [31] are also shown. 

Figure 3 Temperature dependence of 
strength in an ordered Cu3Au-5%Ni 
alloy. Data previously reported for 
Cu3Au alloys by Pope [26 ], Langdon 
and Dorn [30] and Mohamed [31] are 
also shown. 
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Figure 4 Temperature dependence of 
[cr(T)/E(T)]/[o(4)/E(4)] in an ordered 
Cu3Au-5%Ni and Cu 3Au alloys [26, 31 ]. 

often been observed in an alloy having an order-  
disorder transformation temperature (Te) below 
its melting point. The mechanism of hardening 
has been interpreted as the modulus interaction 
by Pope [26] or as ordering in the stress field of a 
dislocation by Sumino [32], which in either case 
is attributed to the state of mixture of the ordered 
and disordered state achieved by a diffusional 
process initially of ordering and then disordering 
as the temperature approaches T e. 

In Fig. 3, for initially ordered alloys of the L12 
structure, the yield strength of the Cu3Au-5%Ni 
alloy increases with increasing temperature from 
approximately 350K until Te is nearly reached. 
The temperature dependence of the yield strength 
or flow stress in Cu3Au alloys is apparently very 
similar to that of the Cu3Au-5%Ni alloy. In order 
to further discuss the temperature dependence of 
strength in both alloys, the effect of the tempera- 
ture dependence of the elastic moduli has to be 
taken into consideration. A general expression on 
the critical resolved shear stress derived from the 
movement of a jogged dislocation in a single crys- 
tal can be given as; 

Gb 
T ~--- OL 

l 

where, G is the shear modulus, b is Burger's vector, 
I is the spacing between jogs and a is a constant. In 
the above expression, both r and G are functions 
of temperature. Thus r(T)/G(T):is the correct 
measure for the temperature dependence of the 
strength in a single crystal, and in the case for a 

polycrystal this parameter should be in the form 
of where o(T) is the yield strength 
and E(T) is Young's modulus measured at tem- 
perature T. In order to make a comparison of the 
present results on polycrystalline Cu3Au-5%Ni 
alloy with that of the nickel free alloy, the yield 
strength data by Pope [26, 29] and Mohamed [31] 
are taken because their results can be represented 
together in a single curve only if each of Pope's 
data is lowered by 15 MPa. The data by Langdon 
and Dorn [30] are excluded because Pope [29] 
pointed out that the high impurity content in the 
material they used was responsible for the very 
strong temperature dependence of the strength 
at low temperatures. The a(T)/E(T) values are 
calculated for both alloys over the temperature 
range using the data on the variation of elastic 
modulus with temperature for Cu3Au by Flinn 
et al. [33]. Each a(T)/E(T) value is then nor- 
malized by the value at 4 K, i.e. o(4)/E(4), which 
is obtained by extrapolating low temperature data. 
The temperature dependence of the yield strength 
of eu3Au-5%Ni and Cu3Au alloys are plotted in 
terms of [a(T)/E(T)]/[o(4)/E(4)] against tempera- 
ture and are shown in Fig. 4. It becomes clear 
that the temperature dependence of strength in 
Cu3Au-5%Ni and Cu3Au is different in two ways. 
One is that the temperature at which the minimum 
strength is obtained is 350 K in the Cu3Au-5%Ni 
alloy, whereas it is 250 K in the Cu3Au alloy. The 
other is that the increase in strength with increasing 
temperature is more intense in Cu3Au than in 
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Cu3Au-5%Ni. Pope [26] has shown that the flow 
stress of ordered Cu3Au was reversible at test tem- 
peratures up to 370K, inclicating no structural 
change of the ordered to disordered state below 
this temperature. It is also seen, in Fig. 2, that the 
increase in strength with increasing temperature in 
initially disordered alloy, which is attributed to the 
increasing portion of first ordered and then the dis- 
ordered state through diffusional processes, occurs 
at above 400 K. Kuramoto and Pope [27] found 
that, in a single crystalline Cu3Au alloy, the relative 
magnitude of the Schmidt factor for (10 0) to that 
of (I 11), known as the N value, increased with 
increasing temperature. This phenomenon had 
been observed in Ni3A1, a typical L12 ordered 
alloy that exhibits a positive temperature depen- 
dence of strength. It can be concluded that the 
increase in strength with increasing temperature 
in Cu3Au-5%Ni is attributed only to the state of 
mixture of the ordered and disordered regions 
achieved at above 350K, the thermally activated 
cross slip mechanism is providing an additional 
increment in strength from low temperatures as 
in the case of Ni3A1. 

The present results would prove the relevance 
between APB morphology of an ordered L12 alloy 
and its temperature dependence of strength. 
Cu3Au, that exhibits maze-like APB, does involve 
a thermally activated cross slip mechanism to 
provide the positive temperature dependence of 
strength, whereas Cu3Au-5%Ni with swirl-like 
APB showed an increase in strength with increas- 
ing temperature only as a result of the order to dis- 
order transformation giving rise to a state of mix- 
ture of the two states. The APB morphology 
change from maze to swirl-like in Cu3Au by an 
addition of 5%Ni is attributed to the increase in 
the relative phase stability of the L12 structure 
against the long period superlattice structure by 
Yodogawa et aL [16]. The role of nickel in Cu3Au 
is to decrease the electron-atom ratio of the 
alloy and, therefore, it can be speculated that 
the addition of an alloying element to increase 
the e/a of Cu3Au, such as B-subgroup elements, 
would enhance the positive temperature depen- 
dence of the strength. When the relative stability 
of a long period superlattice structure increases 
by the increasing e/a value, (100)  APB energy 
is expected to decrease so that thermally acti- 
vated cross slip of a screw dislocation from (111) 
slip plane to (100)  plane would become easier 
[34]. 

4. Conclusions 
After investigating the temperature dependence of 
strength in a Cu3Au-5%Ni alloy and its relevance 
to the APB morphology, the following conclusions 
can be drawn. 

1. Compressive yield strength of a L12 ordered 
Cu3Au-5%Ni alloy increases with increasing tem- 
perature at above 350 K till T e is nearly reached. 

2. This hardening is not related to the anom- 
alous positive temperature dependence of strength 
which is associated with the thermally activated 
cross slip mechanism but to the state of mixture 
of ordered and disordered states achieved by a 
diffusional process as the temperature approaches 
to To. 

3. The ordered Cu3Au-5%Ni alloy exhibits a 
typical swirl-like APB morphology indicating that 
there is no anistropy in APB energy, in which the 
result is consistent with Yodogawa et al. [ 16 ]. 

4. A nickel free Cu3Au alloy, known to exhibit 
maze-like APB, has been reported to possess the 
anomalous positive temperature dependence of 
strength. The change in morphology of the APB 
from maze to swirl-like by an addition of 5%Ni 
must have resulted in a loss of anistropy in the 
APB energy, and consequently in a loss of positive 
temperature dependence of the strength associated 
with the thermally activated cross-slip of a screw 
dislocation from (111) slip planes to (10 0)planes. 
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