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Abstract 

The ordering of the L12 structure in hypostoichiometric Pd3Mn alloys containing interstitial boron, i.e. Pd 3 +xMnl-~By 
with x = 0.2 and 0.4 and y =0.27 and 0.53, and for comparison in Pd3.2Mn0.sMo.27 with substitutional alloying 
elements M-= Ag, Cu and Ni has been studied by X-ray, electron diffraction and electrical resistance measurements. 
The results clearly indicate the presence of the L12 (Cu~Au) type of superlattice in addition to small amounts 
of regions containing superimposed L12-s and L12 superlattices. For alloys of Pd3.4Mn0.6By with y=0.27 and 
Pd3.2Mn0.aM0.27 with M-=Ag, Cu and Ni, however, this was not the case. It is suggested that the formation of 
the L12 structure in the alloys at high temperature requires the presence of the L12-s structure and an interstitial 
boron content greater than about y=0.15. Thus the order transition L12_s~L12 in Pd3+xMnl-xBy is associated 
with the preferential occupation of boron atoms at particular octahedral sites of the L12-s structure. 

1. Introduction 

The present authors [1] have recently observed from 
X-ray, electron diffraction and electrical resistance mea- 
surements that Pd3MnBy alloys with about y = 0.125-0.2 
have two types of ordered structures: L12_s and L12 
(Cu3Au). The former has a long-period one-dimensional 
antiphase domain structure with a domain size M =  2 
[2-5] and the electron diffraction patterns of the an- 
nealed alloys with these B contents, obtained by slow 
cooling from about 1153 K, show mainly two-variant 
L12_s reflections accompanied by the formation of 
twinned structures. However, after quenching from high 
temperatures the L12 ordered structure is observed, 
but in some regions of these alloys the electron dif- 
fraction patterns exhibit weak and diffuse reflections 
which are due to the superimposition of both L12_s 
and L12 superlattice. 

It has thus been found that in high boron content 
Pd3Mn alloys the transition long-range order (LRO) 
L12- s ~- L12 + (L12_ s + L12) occurs instead of the tran- 
sition L RO~s ho r t - r ange  order (SRO) of the L12_ s 
structure observed previously in boron-free Pd3Mn alloy 
[2-5]. The reason for the stability of the L12 structure 
at higher temperature in Pd3Mn alloys with high boron 
content is unknown, but the formation of the L12 
structure may be initiated at the periodic antiphase 

domain boundaries of the L12_s owing to lattice ex- 
pansion caused by the preferential occupation of boron 
atoms at octahedral sites consisting of six palladium 
nearest-neighbour atoms [6]. 

The purpose of this study is to examine the transition 
behaviour of the L12 and L12_s structures in hypo- 
stoichiometric Pd3Mn alloys containing boron. The im- 
portant role of boron in structural intermetallic com- 
pounds is well known [7] and we wish to extend the 
study of its role in ordering reactions of PdaMn to the 
hypostoichiometric alloys in this work. The crystal struc- 
tures of boron-free hypostoichiometric Pd3Mn alloys, 
e.g. alloys of Pd3.2Mno.8 (Pd-20.0at.%Mn) and Pd3.4Mno.6 
(Pd-15.0at.%Mn), quenched from about 1173 K are 
almost completely of the a-f.c.c, disordered type, al- 
though electron diffraction patterns for the 20 at.% 
Mn alloy do show faint reflections from L12_s. Both 
the fully annealed B-free alloys have the short-range- 
ordered L12_s structure [8, 9]. 

2. Experimental details 

The alloy samples were prepared as described pre- 
viously [1]. The compositions used in this study 
were Pd3.2Mno.sBo.2v (B:Mn atom ratio rB=0.0675), 
Pd3.2Mno.sBo.s3 (rB = 0.1325), Pda.aMno.6Bo.27 (rB = 
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0.0675) and Pd3.4Mno.6Bo.s3 (rn = 0.1325) in addition to 
the previously examined boron-free alloys Pd3.2Mno.8, 
i.e. Pd-20.0at.%Mn, and Pda.4Mno.6, i.e. Pd-15.0at.%Mn. 
Furthermore, for comparison Pd3.2Mno.sMo.27 alloys with 
M - A g ,  Cu and Ni were also examined where the 
alloying elements M formed substitutional alloys. 

Before the X-ray, electron diffraction and electrical 
resistance measurements were performed, the following 
heat treatments were carried out: 

(1) The samples were quenched rapidly into ice- 
water after heating at about 1173 K for 10 min in a 
stream of argon gas. The samples will be referred to 
as "quenched". 

(2) The samples were slowly cooled in vacua to room 
temperature from about 1153 K at a rate of 10 K h -1. 
These samples will be referred to as "annealed". 

The techniques and procedures used for quenching 
and measurements of the physical properties have been 
described previously [1, 4, 5, 8, 9]. 

According to the electrical resistance vs. temperature 
relationship determined previously, in order to examine 
the behaviour of the ordering transitions, electron dif- 
fraction studies were carried out separately using initially 
quenched samples which were also heated and cooled 
to the specified temperatures and then quenched into 
ice-water from the quenching temperatures during the 
heating and cooling processes. 

3 .  R e s u l t s  a n d  d i s c u s s i o n  

3.1. X-Ray  diffraction studies 
The X-ray diffraction patterns of Pda.2Mno.aBy and 

Pda.4Mno.6By alloys with y = 0.27 and 0.53 are shown in 
Figs. 1 and 2 respectively. The upper parts of the figures 
show the patterns of quenched alloys and the lower 
parts those of annealed alloys. The diffraction patterns 
reveal only a single a-f.c.c. Pd and the ordered L12 
phases. The open circles in the figures indicate the 
L12 reflections. As will be described later, the a-Pd 
phase corresponds to the short-range-ordered L12_s 
structure, where the degree of SRO is greater in the 
annealed samples of high manganese and low boron 
content alloys. 

It can be seen that the formation of the L12 phase 
is more favourable for Pd3.2Mno.aBy than for Pd3.4Mno.6By 
and the formation is easier for high boron content 
alloys at higher temperatures, because the L12 reflections 
are not observed in an annealed sample of Pd3.4Mno.6By 
with y = 0.27. This implies that the formation of the 
L12 structure occurs through the L12_s structure 
at high temperature, because, as has been observed, 
the quenched alloy of boron-free Pd3.4Mno.6 
(Pd-15.0at.%Mn) is in an almost disordered f.c.c, state, 
whereas boron-free Pda.zMno.8 (Pd-20.0at.%Mn) alloy 
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Fig. 1. X-Ray diffraction line profiles of both quenched (upper) 
and annealed (lower) alloys of Pd3.2Mn0.sBy with y = 0.27 and 0.53 
at room temperature. The open circles indicate diffraction lines 
of the L12 phase. Cu Ka radiation with a nickel filter was used. 
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Fig. 2. X-Ray diffraction line profiles of both quenched (upper) 
and annealed (lower) alloys of Pda.4Mno.6By withy =0.27 and 0.53 
at room temperature. The open circles indicate diffraction l ines 
of the L12 phase. Cu Ka radiation with a nickel  filter was  used. 

has short-range order of L12_ s at higher temperature 
quenching. Furthermore, it can be seen that the L12 
structure in hypostoichiometric Pd3Mn alloys with high 
boron content is more stabilized compared with that 
in the previously examined stoichiometric Pd3Mn [1], 
because X-ray diffraction due to the L12 structure is 
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observed even in annealed alloys obtained by slow 
cooling. 

Figure 3 shows the lattice parameters of the a-Pd 
and L12 phases in Pd3.2Mno.sBy and Pd3.4Mno.6By alloys 
as a function of boron content y together with the 
previously determined lattice parameters of Pd3MnB e 
[1]. The lattice parameters of the a-Pd phase are larger 
for the as-quenched than for the annealed alloys and 
at the same high boron contents the lattice parameters 
increase in the sequence PdaMnBy, Pd3.zMno.8By, 
Pd3.aMno.aBy. The lattice expansion of the a-Pd phase 
in high boron conten t  Pd3.4Mno.6By alloys is almost the 
same as that in binary Pd-B solid solution alloys [10-13] 
when comparing the same unit of B concentration, i.e. 
PdaBy. The lattice parameters of the L12 phase formed 
in these B-containing hypostoichiometric alloys are con- 
siderably larger than those in Pd3MnBy. The larger 
lattice expansion in the lower manganese content alloys 
is attributed to the fact that in addition to boron 
occupation of particular interstices of the short-range- 
ordered L12_s structure, it also occupies particular 
octahedral interstices in the a-f.c.c, disordered phase 
and the latter causes a larger expansion. 

On the other hand, the X-ray diffraction patterns of 
both quenched and annealed Pd3.2Mno.8Mo.27 alloys with 
M-= Ag, Cu and Ni revealed only an a-f.c.c, disordered 
phase and no L12 ordered phase. This implies that 
these elements alloy only substitutionally. The lattice 
parameters of these alloys decreased in the sequence 
expected as a result the decreasing atom radii of 
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Fig. 3. Room temperature lattice parameters of a-Pd and L12 
phases in Pd3+,Mn1_xBy alloys as a function of boron content 
y together with previously determined lattice parameters of 
Pd3MnB r [1]. Pd3.2Mn0.sBy: 0 ,  quenched; O, annealed. Pd3.4Mn0.6By: 
J,, quenched; A, annealed. Pd3MnBr: II, quenched; IS], annealed. 

Ag, Cu and Ni. The derived ao values for the 
quenched alloys were ( + 0.0002 nm) ao = 0.3908 nm for 
Pd3.zMno.sAgo.27 , ao=0.3882 nm for Pd3.zMno.8Cu0.27 
and ao = 0.3879 nm for Pd3.zMno.8Nio.27 . The values for 
the annealed samples were ao=0.3902 nm for 
Pd3.2Mno.sAgo.27, ao = 0.3879 nm for Pd3.eMno.sCu0.27 and 
ao=0.3877 for Pd3.zMno.8Nio.zT. 

3.2. Electron microscopy and electrical resistance 
measurements 

The electron diffraction patterns with [001] incidence 
for both quenched and annealed alloys of Pd3.2Mn0.sBy 
with y=0.27 and Pd3.4Mno.6By with y=0.27 and 0.53 
are shown in Figs. 4 and 5 respectively. It was found 
that in the quenched samples of all the alloys except 
for Pd3.4Mno.6By with y = 0.27 (Fig. 5(a)) some regions 
exhibit strong reflections due to the L12 structure (Figs. 
4(a) and 5(c)) and others show relatively weak and 
diffuse reflections which are considered to be a su- 
perimposition of the L12 and L12_s superlattices (Figs. 
4(b) and 5(d)). However, in both quenched and annealed 
alloys of Pd3 4Mn0.6By withy = 0.27 strong L12 reflections 
are not observed (Figs. 5(a) and 5(b)); this is due to 
a small amount of the Llz_s structure and consequently 
only a small amount of boron in the L12__s alloy. In 
contrast, the diffraction patterns for a quenched 
Pd3.2Mn0.8By alloy with y = 0.53 (not given here) showed 
almost only strong L12 reflections throughout the sample. 

On the other hand, for the annealed samples of all 
the alloys except for Pd3.4Mno.6By with y=0.27 (Fig. 
5(b)), in addition to the strong reflections of L12 in 
some regions (Figs. 4(c) and 5(e)), others show also 
relatively weak and diffuse superimposed reflections of 
L12 and L12_s; however, for the annealed sample of 

Fig. 4. Electron diffraction patterns with [001] incidence for as-. 
quenched (a), (b) and annealed (c), (d) alloys of Pd3.zMn0.sBy 
with y = 0.27. 
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Fig. 5. Electron diffraction patterns with [001] incidence for as- 
quenched (a), annealed (b) alloys of Pd3.4Mn0.6By with y = 0.27 
and also for as-quenched (c), (d) and annealed (e), (f) alloys 
of Pd3.4Mn0.6By with y=0.53. 

Pda.~Mno.sBy with y=0.53 relatively clear but weak 
reflections due to only L12_~ were mainly observed 
(Fig. 4(d)), and for the annealed sample of Pd3.4Mno.6By 
with y = 0.53 faint reflections due to L12 were observed 
(Fig. 5(0). In the annealed samples of these hypo- 
stoichiometric Pd3Mn alloys containing boron the for- 
mation of the twinned structures was not observed, 
although in the annealed samples of the stoichiometric 
Pd3Mn alloys with high B content many twinned struc- 
tures have been introduced, together with the ap- 
pearance of strong two-variant reflections of L12_~ [1]. 
These results of electron diffraction studies are in 
agreement with those of X-ray diffraction studies men- 
tioned above. 

Figures 6 and 7 show electrical resistance v s .  tem- 
perature relationships for Pd~.2Mno.sB~ and Pd~.4Mno.6B~ 
alloys respectively together with the previously deter- 
mined electrical resistance behaviour of boron-free 
alloys of Pd3.2Mno.a (Pd-20.0at.%Mn) and Pda.AMno. 6 
(Pd-15.0at.%Mn) [5, 9] for comparison. The arrows 
with letter labels in the figures indicate temperatures 
from which samples were quenched into ice-water and 
then examined by electron diffraction. The results of 
electron diffraction and transmission electron micros- 
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Fig. 6. Electrical resistance ratio R,/Ro vs. temperature for initially 
quenched Pd3.2Mn0.sBy withy = 0, 0.27 and 0.53 as they are heated 
(O), subsequently cooled (A) and then reheated (1-1). The heating 
and cooling rates were 10 K h -~. 
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The heating and cooling rates were 10 K h-z. 

copy observations for these alloys are summarized in 
Table 1. 

It can be seen from the resistance v s .  temperature 
relationships that the changes in resistance of the initially 



Y.. Sakamoto et al. / L12 ordered structure in B-containing Pd3Mn alloys 47 

TABLE 1. Summary of electron diffraction results for Pd3.2Mn0.sBy and Pd3.4Mn0.6By alloys with y =0, 0.27 and 0.53 and Pd3.2Mn0.sM0.27 
alloys with M-=Ag, Cu and Ni during heating and cooling processes: (s), (w) and (d) refer to strong and weak reflections and 
diffuse scattering respectively in the electron diffraction patterns; "as-quenched indicates that samples were quenched rapidly into 
ice-water after heating at about 1173 K for 10 min in a stream of argon gas; "annealed" indicates that samples were cooled in 
vacuo to room temperature from about 1153 K at a rate of 10 K h -1 

Alloy Heating process Cooling process 

Quenching Crystal structure Quenching Crystal structure 
temperature (K) temperature (K) 

Pd3.2Mn0.8 As quenched Disorder Annealed L12_s(d) 
L12_s(d) 

Pd3.2Mn0.sB0.27 As quenched L12(s) + (L12(d) + e 873 L12(s) + (L12(d) + 
L12-s(d)) L12-s(d)) 

a 573 Llz(s) + (L12(d) + f 673 Llz(s) + (L12(d) + 
Llz_s(d)) L12_s(d)) 

b 673 L12(s) + (L12(d) + g 573 Llz(s) + (L12(d) + 
Llz-s(d)) I-,12 _ ~(w)) 

c 873 L12(s) + (Ll~(d) + Annealed Ll/(s) + L12_s(w) 
L12_s(d)) 

d 1023 L12(s) + (L12(d) + 
L12_s(d)) 

Pd3.2Mno.sB0.53 As quenched Ll/(s) e 873 L12(s) + (L12(d) + 
1.12-s(d)) 

a 573 L12(s) + (L12(d) + f 673 Llz(s) + (L12(d) + 
L12_s(d)) 1,12_dd)) 

b 673 Llz(s) + (L12(d) + g 573 L12(s) + (Llz(d) + 
L12_~(d)) 1.12_,(d)) 

c 873 Llz(s ) + L12(w ) Annealed Llz(s ) + (L12(d) + 
Ll~_s(d)) 

d 1023 L12(s ) 

Pd3.4Mno. 6 As quenched Disorder Annealed Llz_dvery d) 

Pd3.4Mno.6Bo.27 As quenched L12(d) + L12_~(d) e 873 L12(d) +L12_s(d) 
a 573 L12(d) + L12_s(d) f 673 L12(d) + L12_~(d) 
b 673 L12(d) + L12_s(d) g 573 L12(d) + L12_s(d) 
c 873 L12(d) + L12_s(d) Annealed L12(d) + L12_s(w) 
d 1023 Llz(d) + L12_s(d) 

Pd3.4Mno.6Bo.53 As quenched L12(s) + (L12(d) + e 873 Llz(s) + L12(w ) 
L12_~(d)) 

a 573 L12(s ) + (L12(d) + f 673 L12(s) + (L12(w) + 
L12_~(d)) L12_~(d)) 

b 673 L12(s) + (L12(w) + g 573 L12(s) + (L12(w) + 
L12_~(d)) L12_s(d)) 

c 873 L12(s) + L12(w) Annealed L12(s) + (L12(d) + 
L12_~(d)) 

d 1023 L12(d) + L12(w ) 

Pd3.2Mno.sAgo.27 As quenched L12_,(d) Annealed L12_,(w) 
623 L12_s(w ) 

Pd3.2Mno.sCuoa7 As quenched L12_~(d) Annealed L12_s(w) 
623 L1E_s(W ) 

Pd3.2Mno.sNio.27 As quenched L12_~(d) Annealed L12_~(w) 
623 L12_~(w) 

q u e n c h e d  samples  o f  bo ron -con t a in ing  alloys dur ing  
hea t ing ,  subsequen t  cool ing and  r e h e a t i n g  are  s imi lar  
to the  changes  in res is tance  of  the  bo ron - f r ee  alloys. 
T h e r e  is an a b r u p t  inc rease  in res i s tance  of  the  in i t ia l ly  
q u e n c h e d  alloys s ta r t ing  at  abou t  593 K for Pd3.2Mno.sBy 
and  at abou t  543 K for Pd3.4Mno,6By; t h e r e a f t e r  the  

inc rease  wi th  hea t ing  t e m p e r a t u r e  is re la t ively  smal l  
and  for  the  h ighes t  b o r o n  con ten t  alloy of  Pd3.2Mno.8By 
with  y = 0 . 5 3  the res is tance  dec reases  g radua l ly  with 
inc reas ing  t e m p e r a t u r e .  T h e  unusua l  resul t  o f  the  lower  
res i s t ance  o f  the  ini t ial ly q u e n c h e d  samples  c o m p a r e d  
with the  subsequen t ly  coo led  ( a n n e a l e d )  ones  ar ises  
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from the fact that the former are close to an ordered 
L12 structure and/or disordered state rather than the 
short-range-ordered L12_, structure. Iri other words, 
the subsequently cooled (annealed) samples have more 
or less the periodic antiphase domain boundaries of 
L12_~ which would cause electron scattering whereas 
the quenched alloys do not. The reason for the decrease 
in resistance of the high boron content alloy of 
Pd3.2Mno.sBy with y = 0.53 observed during heating in 
the high temperature region is unknown; the behaviour 
is reproducible and may be due to the coarsening of 
the ordered domain of the L12 structure. 

The electron diffraction patterns of the Pd3.2Mno.sBy 
alloy with y =0.27, which was quenched from 673 K 
during heating (point "b", Fig. 6), and for the 
Pd3.2Mno.aBy alloy with y =0.53, which was quenched 
from 873 K during heating (point "c", Fig. 6), are 
shown in Figs. 8(a)-8(d). It can be seen that even after 
heating to 673 K, the strong L12 reflections in 
Pd3.2Mno.sBy with y=0.27 remain almost unchanged 
(Fig. 8(a)). The quenched sample (Fig. 4(a)) also shows 
L12 reflections; however, weak and diffuse reflections 
of superimposed L12 and L12_s superlattices are also 
observed in the as-quenched sample (Fig. 4(b)) which 
become relatively intense after the 673 K heating (Fig. 
8(b)). After heating to 873 K, the initially quenched 
sample of Pd3.2Mno.sBy with y = 0.53 shows, besides the 
strong L12 reflections (Fig. 8(c)) which are observed 
in some regions of the as-quenched sample, sharp 
reflection spots due to L12 in other regions (Fig. 8(d)). 
As described above, the decrease in resistance during 
heating corresponds to this stage in which the L12 
reflections appear. 

Fig. 8. Electron diffraction patterns with [001] incidence for 
Pd3.2Mno.sBy alloy with y=0.27 (a), (b) quenched from 673 K 
during heating and also for Pd3.2Mno.sBy alloy with y =0.53 (c), 
(d) quenched from 873 K during heating. 

Figure 9 shows electrical resistance v s .  temperature 
relationships for Pd3.2Mno.sMo.z7 alloys with M - Ag, Cu 
and Ni, where M has the same value as B in one of 
the B-containing alloys but these alloys are substitutional 
and have been examined for comparison. The shape 
of the resistance v s .  temperature relationships of these 
alloys is almost the same as for the non-additive alloy 
Pd3.2Mno.s (Pd-20.0at.%Mn). As can be seen from the 
results of electron diffraction and transmission electron 
microscopy observations for these alloys given in Table 
1, there is no evidence for the formation of an L12 
structure in the alloys and all the quenched alloys are 
in an almost disordered state, although the electron 
diffraction patterns due to Llz_s exhibit very faint 
reflections, and all the annealed alloys have the short- 
range-ordered Ll/_s structure. 

It can be seen from the above results that the 
formation of the L12 structure requires the presence 
of the LI:_ ~ structure and an interstitial boron content 
greater than a limiting amount of about y=0.15. The 
formation is considered to be initiated at the periodic 
antiphase domain boundaries of the LI~_, structure 
by the introduction of a step shift (a2+a3)/2 at every 
two cells along the al axis after attaining a particular 
stress state as a consequence of the preferential oc- 
cupation of boron atoms at the octahedral sites consisting 
of six palladium nearest-neighbour atoms [6], and the 
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are heated (C)), subsequently cooled (A) and then reheated (I-1). 
The heating and cooling rates were 10 K h- i .  
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boron atoms of course occupy the octahedral interstices 
in the a-f.c.c, disordered phase. Boron occupation in 
the a-f.c.c, disordered phase may precede its occupation 
in the L12_s structure. Thus the mechanism for the 
formation of the L12 structure in boron-added 
Pdl+xMnl_xBy alloys is similar to that for hydrogen 
induced ordering to the L12 structure was observed 
previously [8, 14]. 
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