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Abstract 

The transformations in TiRh and the effect of replacement of rhodium in TiRh by cobalt and nickel have been studied. TiRh 
undergoes two structural transformations which are of first order, exhibit thermoelastic properties and persist in the T i -Rh-Co 
and Ti -Rh-Ni  ternary alloys. Stabilization of the high temperature phase of TiRh of B2 type crystal structure down to room 
temperature can be achieved by substitution of cobalt at about 15 at.% and of nickel at about 20 at%. The TiCo-TiRh and 
TiNi-TiRh sections of the corresponding ternary systems are found to be quasi-binary. 
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1. Introduction 

Taking into account the similarity of X-ray pat terns 
of equiatomic phases at room tempera ture  formed by 
transition metals of groups IV and VI I I  it was sup- 
posed that they undergo t ransformations like those 
observed in TiNi [1,2]. The latter is known to be 
accompanied by thermoelast ic  phenomena .  The study 
of the TiPd, TiPt, Z r R h  and Zr I r  phases confirmed the 
correctness of this supposition, with the t ransforma- 
tion t empera tu re  being higher than that for TiNi [3-5]. 
The TiRh compound  was found to reveal two trans- 
formations [6,7]. The first, B2-L10 occurs at about  
740°C, and the second, L10-monoclinic,  at about  
345 °C on cooling [7]. This paper  is the continuation of 
the exper imental  studies of these t ransformations in 
TiRh and of the influence of the substitution of 
rhodium for cobalt  and nickel on both the t ransforma- 
tion character  and the temperatures .  The rhodium 
atoms seemed likely to substitute for cobalt and nickel 
a toms in the B2 lattice sites because of similarities in 
sizes and electronic structure. 

2. Experimental Procedure 

The starting metals used for alloying were iodized 
titanium, nickel (99.95), cobalt (99.95) and rhodium 
powder  (99.97). The rhodium powder  was annealed in 
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vacuum and remel ted in order to avoid further sput- 
tering during alloying. The alloys were prepared  di- 
rectly by arc-melting from components  under an 
a tmosphere  of purified argon gas in a furnace with a 
non-consumable  electrode on a water-cooled copper  
bot tom. The weight losses on melting were small 
(below 0.3%) so nominal  compositions are reported.  
The alloys, as cast and heat treated, were subjected to 
the differential thermal  analysis (DTA)  and X-ray and 
metallographic examinations [8,9]. The transformation 
tempera tures  in the TiRh-based alloys were deter- 
mined by D T A  and electrical resistance measure-  
ments. The shape memory  effect (SME) was examined 
by the bending technique by thermocycling through 
the t ransformation range [10]. 

3. Results and discussion 

3.1. TiRh 

Metallographic examination reveals a lenticular 
structure in the equiatomic TiRh as-cast alloy at room 
tempera ture  (Fig. 1). It is known that such a morphol-  
ogy is associated with compounds  of the B2-type 
crystal structure at high temperatures ,  which reveal a 
martensitic t ransformation on cooling [11]. The depen- 
dence of the electric resistance of TiRh on tempera-  
ture shows that there are two transformations in it 
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Fig. 1. Microstructure of as-cast TiRh. (Magnification, 100×.) 

(Fig. 2, curve 1). The first, at higher temperature ,  
occurs without hysteresis (the hysteresis, which is less 
than 1 °C, is not observed in our experiment) ;  the 
second, at low temperature ,  occurs with a small 
hysteresis. There fore  the beginning and the end of the 
t ransformation on heating and cooling almost coincide 

1 1 l 1 11 11 
( M s ~ A  e ~ 7 4 0 ° C ;  M e ~ A  s ~ 6 0 0 ° C ;  M s ~ A f  
345°C; Mlf ~ ~A~s~+ 140°C) (Table  1). Two thermal  
effects were obtained by D T A  for TiRh corresponding 
to those transformations.  It  proves  not only the cor- 
rectness of  the tempera tures  ment ioned but also 
testifies that both  t ransformations are of the first 
order. 

SME in TiRh was observed for the low tempera ture  
t ransformation (Fig. 3) (the mechanical  test in the 
high tempera ture  range was not carried out because of 
exper imental  complications). An almost complete  
shape restorat ion determined by bending tests was 
found. The critical points of t ransformation differ 
somewhat  f rom those obtained by the electrical resist- 
ance method because of the large extent of the 
hysteresis. At  tempera tures  exceeding 350 °C, owing to 
a decrease in elastic constants of the phase formed 
with increasing tempera ture ,  the bending of the sam- 
ple should persist or increase slightly whereas in the 
exper iment  a further  straightening of the sample was 
observed. This means that the process of shape resto- 
rat ion is retained after reverse transformation.  Such 
behavior  of accumulation and return of the deforma-  
tion in TiRh shows that SME applies to the high 
t empera tu re  t ransformation as well. The  X-ray analy- 
sis of the equiatomic TiRh alloy at room tempera ture  
revealed an imperfect  crystal structure with the lattice 
pa ramete rs  a =4 .17 ,~ ,  c =3 .335 ,~  close to known 
tetragonal  CuAu- type  structure. It  was assumed in 
Ref. [7] that its structure is tetragonal  with a mono-  
clinic distortion. In Ref. [12] the occurrence of two 
transformations in TiRh was confirmed by high tem- 
perature  X-ray diffraction and the following crystal 
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Fig. 2. Variation in electrical resistance on temperature for alloys: 
curve 1, TiRh; curve 2, with 5 at.% Co; curve 3, with 10 at.% Co; 
curve 4, with 15 at.% Co; MI~, MI, al,, All, the first stage transforma- 
tion temperatures; MIs I, MI', Z~ I, All I, the second stage transforma- 
tion temperatures. 

T a b l e  1 

T h e  t r a n s f o r m a t i o n  t e m p e r a t u r e s  o f  t h e  

s y s t e m  a l l o y s  

Ti-Rh-Co and Ti-Rh-Ni 

Composition M~ = A~ M~f = AIs M~ I M~f ~ AIs ' Al I 
of alloy (at.%) (°C) (°C) (°C) ( °C)  ( °C)  (°C) 

T i R h  740  600  345 140 140 345 

4 C o  650  - -  300 150 150 300 

1 0 C o  430  - -  150 1130 130 175 

1 4 C o  315 - -  94 50 110 150 

2 0 C o  200 . . . . .  

5 N i  600 480 300 300 100 100 

10Ni  500 - -  210  - -  - -  - -  

15Ni  - -  - -  150 - -  - -  150 

structures of the t ransformation products were found: 
cubic, B2 type (a = 3.126 ~,, 1000 °C) ~ tetragonal  L10 
type (CuAu)  (a = 4.226 .~,, c = 3.350 ,~, 83 °C) --* 
monoclinic (a = 4.178 .&, b = 4.185 A, c = 3.371 ,~; fl = 
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Fig. 3. Dependence  of the TiRh sample bending on  tempera ture :  curve l, free heating; curve 2, loading; curve 3, cooling under  load; curve 4, 
removal  of load; 5, heat ing without  load. 

90.89 °C). Taking into consideration the strong depen- 
dence of the degree of the lattice distortion (cubic 
tetragonal ~ orthorhombic --~ monoclinic) [6,13] on 
the composition of the TiRh phase through its homo- 
geneity range (about 5%), the difference in X-ray data 
obtained by us and in Refs. [6,12] can be explained. 
Thus it can be accepted that the TiRh compound on 
cooling from subsolidus temperatures to room tem- 
perature undergoes two consistent phase transforma- 
tions of the martensitic type according to the scheme 
81 (B2) ~ 82 (L10) ~ 83 (monoclinic). 

3.2. T i R h - T i C o  

It is known that the TiCo compound has the B2- 
type crystal structure which is stable from the sub- 
solidus point to room temperature. The ternary alloys 
with 5, 10, 15, 30, 40 at.% Co have been studied in the 
TiCo-TiRh system. The high thermodynamic stability 
of the TiCo and TiRh compounds ta t4  f°r = - -  \~L~ TiCo 
44 kJ mol [14]; --..A/-'/f°rTiRh = -143 kJ mol-~ [15]) was ex- 
pected to lead to a quasi-binary in the TiRh-TiCo 
section of the T i - R h - C o  system. The TiRh-TiCo 
melting data obtained confirm this. There are continu- 
ous solidus and liquidus curves (Fig. 4(a)). The corre- 
sponding temperatures increase gradually from 
1580°C (TiCo) to 1960°C (TiRh). Such a type of 
melting diagram is attributed to the formation of solid 
solutions between the phases on the basis of TiCo and 
TiRh with B2-type crystal structure (81 ). The replace- 
ment of rhodium by 15 at.% Co results in a stabiliza- 
tion of the 81 phase at room temperature together 
with a martensitic phase. Complete stabilization of the 
81 phase is observed in the alloy with 20 at.% Co. The 
lattice period of the 81 phase increases at rhodium 
substitution from 2.988 ,~ for TiCo to 3.060 A for the 
alloy with 20 at.% Rh. 

The dependence of the resistance on temperature of 
T i - R h - C o  alloys is shown in fig. 2. According to these 
data two transformations in the solid state are found. 
These are similar to those of the TiRh compound for 
the alloy with 45 at.% Rh. The first transformation is 
without hysteresis (below 1 °C); the second has a small 
hysteresis of about 10 °C (Table 1). These two trans- 
formations have also been observed by DTA. Both are 
transformations of first order. 

When the cobalt content increases, the temperature 
of the onset of the first martensitic transformation 
decreases. Simultaneously its temperature interval 
starts to broaden, assuming that the premartensitic 
character changes before the second transformation. 
Its intensity decreases with increasing cobalt content. 

3.3. T i R h - T i N i  

We have studied 11 alloys in this system. The 
thermodynamic data for both TiNi, A14 f°r = -  ~LA TiNi 
34 kJ mol-  1 [16], and TiRh, mentioned above, indicate 
a relatively high stability of these compounds in the 
corresponding binary systems, so that the TiNi-TiRh 
section of the T i - R h - N i  ternary system should be 
quasi-binary as well as it is in case of the T i - R h - C o  
system. The TiRh-TiNi  melting curves go up uninter- 
ruptedly from 1310 (TiNi) to 1960°C (TiRh), which 
shows that continuous solid solutions are formed 
during the crystallization of the TiRh-TiNi alloys (Fig. 
4(b)). The high temperature phase of TiNi is known to 
have a cubic B2-type crystal structure as TiRh has at 
subsolidus temperatures. Therefore TiRh-TiNi alloys 
should also be cubic (81) at those temperatures. The 
81 phase is stabilized down to room temperature in 
alloys with 6-30 at.% Rh. Its lattice period increases 
from 3.030 ,~ to 3.066 A in this concentration range. 
Extrapolating these values to the equiatomic alloy 
(50at.% Rh) leads to a TiRh lattice parameter of 
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Fig. 4. (a) TiCo-TiRh phase diagram; (b) TiNi-TiRh phase dia- 
gram; (3, liquidus temperature; ~ ,  solidus temperature; O, single- 
phase alloys. 

3.13 .&. This value is equal to that for T i - R h - C o  alloys 
obtained in a similar way and the value in Ref. [12], 
obta ined by the direct method.  

As we can see f rom the electrical resistance data 
(Fig. 5, curve 2; Table  1) two t ransformations were 
found in the alloy with 4% Ni on cooling. They  occur 
in the same sequence 81 --* 82 ---> 83 as for the TiRh 
alloy. 

However ,  the low tempera tu re  t ransformation 
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Fig. 5. Variation in the electrical resistance on temperature for the 
alloys: curve 1, TiRh; curve 2, with 4 at.% Ni; curve 3, with 10 at.% 
Ni; curve 4, with 14 at% Ni; curve 5, with 18 at.% Ni; other symbols 
as for Fig. 2. 

character  for alloys with higher nickel content  changes 
significantly. The  tempera ture  dependence of R / R  o 

becomes  reversed (Fig. 5, curve 4): the decrease in the 
electrical resistance corresponds to the t ransformation 
on cooling. The alloy with 10% Ni reveals the phase 
with f.c.c, crystal structure (a = 3.80 .&) at room tem- 
perature.  It  was found by a high tempera ture  in- 
vestigation that at 520 °C its crystal structure is cubic, 
B2 type (a = 3.09 ,~). This t empera ture  (520 °C) corre- 
sponds to that obtained by the electrical resistance 
method.  The cause of the differences in t ransforma- 
tion behaviour  of alloys with 4% and 10% Ni can be 
an ordering that takes place when substituting 
rhodium for nickel. The scheme of the phase structure 
t ransformations in the T i R h - T i C o ,  T i R h - T i N i  alloys 
on the side of TiRh which demonstra tes  the influence 
of the substitution of Rh for Co, Ni on both tempera-  
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ture and concentration in the 8~ and ~2 phase regions 
is shown in Fig. 6. The two-stage processes are dis- 
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Fig. 6. Scheme of the structural transformation in the Ti-Rh Co 
and Ti Rh-Ni ternary alloys on the Rh-rich side of TiRh. 

played on curves of temperature vs. composition. The 
substitution for Co decreases the transformation tem- 
perature M~ more strongly than for Ni. The replace- 
ment of rhodium by both cobalt and nickel in TiRh 
results in a displacement of M~ and M~ x at the lower 
temperature side but the decrease in the temperature 
M~ occurs more strongly in both cases. The scheme of 
the phase structure transformation for TiNi was con- 
structed previously [17]. The rhodium additions to 
TiNi lead to a decrease in all martinsitic transforma- 
tion temperatures, and all peculiarities of the marten- 
sitic transformation observed in the binary TiNi alloy 
are preserved. 
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