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Abstract Microstructural evolution during tensile defor-

mation in ternary Zr–Co–Ni alloys were investigated using

transmission electron microscopy to clarify the mechanism

of the enhancement of ductility observed in these alloys. In

Zr50Co39Ni11 alloy deformed at room temperature, lentic-

ular martensite is observed in the B2 parent phase imme-

diately after yielding, in addition to dislocations with the

\100[B2-type Burgers vector. The orientation relationship

between the B2 parent phase and B33 martensite is deter-

mined to be [001]B2//[100]B33, (010)B2//(021)B33, and

(110)B2//(010)B33. A midrib-like contrast is observed at the

center of the lenticular martensite variant, and it is found to

be a (021)B33 twin. A trace analysis indicates that this

contrast is nearly parallel to the {100}B2, which may cor-

respond to the habit plane of the martensite. The martensite

variants grow into the B2 parent phase along the {100}B2

with increasing tensile loading, and then grid-shaped

martensite variants are formed at the failure of the speci-

men. The martensite would be dominantly formed and

grow in the regions where the stress concentration occurs

during tensile deformation. It is likely that the plastic

deformation mainly proceeds in the untransformed B2

parent phase because this martensite is harder than the B2

parent phase. Consequently, the authors conclude that the

remarkable enhancement of ductility can be attributed to a

transformation-induced plasticity associated with defor-

mation-induced martensite.

Introduction

Intermetallic compounds with both high hardness and high-

temperature strength are essential materials for the devel-

opment of scientific technology. However, most of these

compounds exhibit very poor ductility at room tempera-

ture. Even a B2-type intermetallic compound generally has

low ductility at room temperature in spite of its relatively

simple crystal structure because slip systems are limited

according to the ordering in alloys. Thus, methods to

improve ductility have been explored, such as the addition

of alloying elements and the control of microstructures

[1, 2]. Among B2-type intermetallic compounds, near-

equiatomic Ti-Ni alloys exhibit superior shape memory

and superelastic properties. Another notable property of

these alloys is anomalous ductility over a wide temperature

range. This is attributable to an increase in the effective

number of the slip system caused by a stress- and/or strain-

induced martensitic transformation [3]. It was therefore

expected that the tensile ductility of intermetallic com-

pounds at room temperature will be further enhanced by

martensitic transformation.

Recently, Takasugi and co-workers [4] have found that a

polycrystalline B2-type equiatomic ZrCo compound has a

high tensile elongation of 7% at room temperature. On the

other hand, it has been found that an equiatomic ZrNi

compound with a B33 structure is relatively brittle, and that

the martensitic transformation from B2 to B33 structures

takes place via the substitution of 14–50 at% Ni for Co [5,

6]. The authors have found a high ductility of a ZrCo alloy

caused by martensitic transformation, and that the tensile
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strength and elongation are significantly increased by the

substitution of Ni for Co in ternary Zr–Co–Ni alloys [7]. In

particular, the total elongation of the Zr50Co39Ni11 alloy is

considerably high, being approximately 23%. In this study,

it was carried out transmission electron microscopy (TEM)

observations of microstructural evolution during tensile

deformation of ternary Zr–Co–Ni alloys with the aim of

clarifying the mechanism of enhancement of ductility in

these alloys.

Experimental procedures

Zr50Co50, Zr50Co39Ni11 and Zr50Co36Ni14 alloys were

prepared from 99.9% Zr, 99.9% Co, and 99.9% Ni

(mass%) by arc melting in an argon atmosphere. The ingots

were cold-rolled into a strip of 0.3 mm in thickness. Ten-

sile specimens with gauge sizes of 30 9 5 9 0.3 mm3

were spark-cut from the strip. The samples were solution-

treated in an argon atmosphere at 1173 K for 3.6 ks and

then quenched in iced water. The tensile tests were con-

ducted using an Instron-type machine at room temperature.

The initial strain rate of the tensile test was 4.2 9 10-4/s.

For the TEM studies, disks with 3 mm in diameter were

spark-cut from the solution-treated specimens and from the

gauge portion of the tensile specimens deformed to various

residual strains. They were then electropolished by a twin-jet

method in an electrolyte solution of 25% HNO3 and 75%

methanol by volume at around 238 K. Conventional and

high-resolution TEM observations were carried out on a

JEM-2000FX and FEI-Tecnai20F microscopes, respec-

tively, with an accelerating voltage of 200 kV. For analysis,

the following lattice parameters were used: aB2 = 0.320,

aB33 = 0.325, bB33 = 0.971, and cB33 = 0.419 nm [5].

Results and discussion

Figure 1 shows the typical tensile stress–strain curves at

room temperature for ternary Zr–Co–Ni alloys substituting

Ni for Co. A Zr50Co50 alloy has a 0.2% proof stress of

240 MPa and a total elongation of approximately 6%.

These values are almost the same as those reported by

Takasugi and co-workers [4]. A Zr50Co39Ni11 alloy has a

considerably high total elongation of 23%. On the other

hand, a Zr50Co36Ni14 alloy has a lower elongation than the

Zr50Co50 alloy. In order to clarify the mechanism of the

enhancement of ductility resulting from substituting of Ni

for Co, the tensile tests for the Zr50Co39Ni11 alloy speci-

mens were interrupted, as shown by the dotted lines A and

B in Fig. 1. Thereafter, TEM observations were carried out

with the specimens A and B, in addition to the tensile-

fractured specimens of Zr50Co39Ni11 and Zr50Co36Ni14

alloys. Figure 2 shows the TEM micrographs of Zr–Co and

Zr–Co–Ni alloys before deformation. The Zr50Co50 and the

Zr50Co39Ni11 alloys consist of a single phase with B2

structure, the average grain sizes being approximately 5 lm.

The electron diffraction pattern taken from the area marked

F in Fig. 2e reveals that B2 and B33 structures coexist in the

Zr50Co36Ni14 alloy. The orientation relationship between

the B2 parent phase and B33 martensite is determined to be

[001]B2//[100]B33, (010)B2//(021)B33, and (110)B2//(010)B33.

This thermally-induced martensite consists of plate-shaped

variants. Figure 3 displays the deformed microstructure of

the Zr50Co39Ni11 alloy specimen with a residual strain of

approximately 2.5%, as indicated by the dotted line A in

Fig. 1. Fine lenticular martensite variants were formed

along the {100}B2 of B2 parent grain. The orientation rela-

tionship between the parent grain and the martensite variants

is determined to be [001]B2//[100]B33, (010)B2//(021)B33,

and (110)B2//(010)B33. This relationship is the same as that

between the B2 parent grain and thermally-induced B33

martensite, as shown in Fig. 2f. The deformation micro-

structure at a residual strain of approximately 5.0% (the

dotted line B in Fig. 1) is shown in Fig. 4. The martensite

variants grow into the parent grain along the {100}B2 planes.

It should be noted that a midrib-like contrast is observed at

the center of the lenticular martensite variant. This contrast

was found to come from a (021)B33 twin, and a trace analysis

revealed this contrast being nearly parallel to the {100}B2

planes. Accordingly, the {100}B2 planes would be the

habit plane of this martensite. The twinning elements of the

lenticular martensite are K1 = (021)B33, K2 = (021)B33,

g1 = [0�12]B33, and g2 = [012]B33, as calculated according

to the Bilby-Crocker theory [8]. The twinning shear is

approximately 0.3. Figure 5 shows a two-dimensional lat-

tice image of the tip of the lenticular martensite. The inter-

face between the B2 parent grain and B33 martensite

possesses a coherent structure, because the difference

between the lattice spacings of (110)B2 and (010)B33 is small.
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Fig. 1 Typical nominal stress–strain curves at room temperature for

ternary Zr–Co–Ni alloys substituting Ni for Co
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Fig. 4 a Bright field image of Zr50Co39Ni11 alloy with a residual

strain of approximately 5.0%. b Electron diffraction pattern taken

from the area marked as B in (a)

Fig. 3 a Bright field image of Zr50Co39Ni11 alloy with a residual

strain of approximately 2.5%. b Electron diffraction pattern taken

from the area marked as B in (a)
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Fig. 2 Bright field images

and corresponding electron

diffraction patterns

of a, b Zr50Co50 and c,

d Zr50Co39Ni11 alloys, showing

a single phase with B2 structure,

and e, f Zr50Co36Ni14 alloy,

which suggests the coexistence

of B2 parent phase and B33

martensite
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Therefore, the lenticular martensite variants can grow by the

migration of the coherent interface under the tensile loading.

This feature is similar to the characteristics of thermoelastic

martensite.

It was identified the slip system of the B2 parent phase

from the trace analysis, because many dislocations in the

B2 parent phase were observed in addition to the lenticular

martensite, as indicated by the arrows in Fig. 4. Figure 6

presents the dark field images of the Zr50Co39Ni11 alloy

specimen with a residual strain of approximately 5.0%.

Each image was taken under a two-beam diffraction con-

dition using the g vector shown in the figure with the

incident electron beam from the [001]B2 direction. Dislo-

cations are visible under the diffraction conditions of

g = 110 and �110, while they are invisible under the con-

ditions of g = 100 and 010. On the basis of the g�bcrite-

rion, the authors can identify the Burgers vector of the

dislocations as \100[B2. In addition, stereographic anal-

ysis for the determination of slip plane of these dislocations

was carried out, as demonstrated in Fig. 7. The planes

normal to the incident beam BA, BB, BC, and BD are shown

in the stereogram as great circles (A), (B), (C), and (D),

respectively. The projected line directions of an interest

dislocation on (A), (B), (C), and (D) are indicated by dA,

dB, dC, and dD, respectively. Hence, the true line direction

of this dislocation, Ud, is given as the intersection of the

great circles whose poles are perpendicular to dA, dB, dC,

and dD on (A), (B), (C), and (D) planes, respectively.
Fig. 5 Two-dimensional lattice image of the tip of lenticular

martensite

Fig. 6 Dark field images of Zr50Co39Ni11 alloy with a residual strain of approximately 5.0%. a g = 100. b g = 110. c g = 010, and d g = �110.

The incident electron beam was nearly parallel to [001]B2

4224 J Mater Sci (2011) 46:4221–4227

123



Consequently, the slip plane is given as a plane that con-

tains both the Burgers vector, b, and the true dislocation

line direction, Ud. The pole of this slip plane indicated by

double circle is quite close to that of (001)B2. It is therefore

confirmed that the dislocation shown in Fig. 6 belongs to

the\100[(001)B2 slip system. Some dislocations with the

\100[{011}B2 slip system were observed in other regions

as well. Since these are well-known slip systems among the

B2-intermetallic compounds, including Zr50Co50 alloy, the

origin of higher ductility in the Zr50Co39Ni11 alloy cannot

be explained by the observed slip system itself.

The microstructure observed near the fractured area is

shown in Fig. 8. The martensite variants grow into the B2

parent phase along the {100}B2 with increasing tensile

loading, and then grid-shaped martensite variants are

formed in the fractured specimen. It is noteworthy that the

interface migration of martensite variants perpendicular to

their growth direction is restricted. Therefore, the migra-

tion of the twin boundary between the grid-shaped mar-

tensite variants is limited, depending on the tensile

direction. This suggests that the ductility of the martensite

itself is low. The authors will discuss the origin of the

enhancement of ductility on the basis of the deformation

structure in Zr50Co36Ni11 alloy in the following part of this

article.

It was carried out TEM observations of the area near the

fracture surface of the Zr50Co36Ni14 alloy with the lower

elongation. As shown in Fig. 2, this alloy was initially

composed of the B2 parent phase and the thermally-

induced B33 martensitic phase at room temperature. Two

different morphologies of martensite variants are observed

after deformation as shown in Fig. 9. It is well-known that

twin boundary migration and the rearrangement of variants

in thermoelastic martensite take place with loading [9].

Figure 9a reveals that the width of twins in martensite

increases during tensile deformation, that is, variant

coalescence may have taken place via the growth of the most

favorable variants with respect to the tensile axis. On the

other hand, Fig. 9b shows that martensite platelets appear to

be sheared by tensile deformation, as indicated by the arrows

in Fig. 9b. This suggests that thermally induced martensite

will behave as brittle nature when the configuration of plate-

shaped variants is an unfavorable condition for occurring

variant rearrangement. Therefore, it is considered that the

thermally-induced B33 martensite would cause a decrease in

ductility of the Zr50Co36Ni14 alloy.

From these observations, the mechanism of the

enhancement of ductility in ternary Zr–Co–Ni alloys will

be discussed. The lenticular martensite is nucleated and

grows along {100}B2 during tensile deformation immedi-

ately after yielding. The growth direction of the martensite

variants is the same as the Burgers vector of dislocations in

the B2 parent phase. Thus, the formation of deformation-

induced martensite cannot contribute to increasing the

number of the independent slip systems in this alloy. Next,

the authors will consider whether the lattice deformation

strain associated with martensitic transformation can

explain the enhancement of ductility. The principal lattice

deformation strains arising from the lattice correspondence
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dC

dD

dA BB//[113]
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Ud : [110]

(001)

(A)
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Fig. 7 Stereographic analysis for the determination of slip plane of

dislocations in Zr50Co39Ni11 alloy with a residual strain of approx-

imately 5.0%

Fig. 8 a Bright field image near the fractured area of Zr50Co39Ni11

alloy. b Electron diffraction pattern taken from the area marked as B

in (a)
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between the B2 parent phase and B33 martensite are as

follows:

g1 ¼ aB33 � aB2ð Þ =aB2 ¼ 0:016

g2 ¼ bB33 � 2
p

2aB2ð Þ =2
p

2aB2 ¼ 0:073

g3 ¼ cB33 �
p

2aB2ð Þ =p2aB2 ¼ �0:074

The volume change due to the martensitic transformation

is found to be small. Furthermore, the twinning shear of the

lenticular martensite is nearly the same as that of general

thermoelastic martensite [10]. Therefore, the origin of

higher ductility also cannot be attributed to introducing

deformation strains involved in martensitic transformation.

A possible scenario for the enhancement of ductility is

as follows. The martensite would be formed and grow in

the region where the stress concentration occurs during

tensile deformation. Because the B33 martensite is harder

than the B2 parent phase [7], the formation of this mar-

tensite is likely to prevent further local deformation

occurring at the stress-concentrated area, and then achieves

enhanced ductility. Consequently, it was concluded that the

remarkable enhancement of ductility can be attributed to a

transformation-induced plasticity associated with defor-

mation-induced martensite [11].

Finally, the authors would like to offer some comments

concerning the relationship between the martensitic struc-

ture and characteristics in these alloys. In the case of ther-

moelastic martensite, the martensitic phase is softer than the

parent phase. On the other hand, in case of non-thermo-

elastic martensite, the martensitic phase is harder than the

parent phase. From this point of view, the martensite in these

alloys is classified as the category of non-thermoelastic

martensite. However, the lenticular martensite variants can

grow during tensile deformation. This is a characteristic of

the thermoelastic martensite transformation. That is to say,

the martensite in Zr–Co–Ni alloys may possess character-

istics of both thermal and non-thermal martensitic trans-

formation. Consequently, it is expected that Zr–Co–Ni

alloys will show the shape memory and superelastic

behavior arising from the thermoelastic martensite, in

addition to the transformed strengthening and transforma-

tion-induced plasticity effect from the non-thermoelastic

martensite.

Conclusions

Microstructural evolution during tensile deformation of

ternary Zr–Co–Ni alloys were investigated by transmission

electron microscopy in order to reveal the mechanism of

the enhancement of ductility observed in these alloys. The

obtained results are summarized as follows.

(1). In the Zr50Co39Ni11 alloy deformed at room temper-

ature, lenticular martensite was observed in the B2

parent phase immediately after yielding, in addition to

dislocations with the \100[B2-type Burgers vector.

The martensite variants grew along the {100}B2

planes in the parent grain. The orientation relationship

between the B2 parent phase and the B33 martensite

was determined to be [001]B2//[100]B33, (010)B2//

(021)B33, and (110)B2//(010)B33.

(2). A midrib-like contrast was observed at the center of

the lenticular martensite variant, and it was found to

be the (021)B33 twin. A trace analysis revealed that

this contrast is nearly parallel to the {100}B2, which

may correspond to the habit plane of the martensite.

Fig. 9 Bright field images near

the fractured area of

Zr50Co36Ni14 alloy, showing

a martensite variant coalescence

b martensite platelets sheared

by tensile deformation
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(3). The morphology of martensite variants changed

into grid-shaped martensite variants during tensile

deformation. The martensite interface perpendicular

to the growth direction of martensite variants was

hardly to migrate.

(4). The Zr50Co36Ni14 alloy consisting of the B2 parent

phase and the B33 thermally-induced martensite

possessed a lower elongation than the Zr50Co50 alloy.

This suggests that the B33 martensite itself in

Zr–Co–Ni alloys would be intrinsically brittle.

(5). The B33 martensite was dominantly formed

and grew in the region where a stress concentration

occurred during tensile deformation. The defor-

mation in the untransformed B2 parent phase

probably contributed to overall elongation of the

specimen, rather than the deformation of the

martensite, because this martensite is harder than

the B2 parent phase. Consequently, it was con-

cluded that the pronounced enhancement of ductil-

ity can be attributed to the transformation-induced

plasticity associated with the deformation-induced

martensite.
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