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Abstract

The length change associated with the compression induced B-18R transformation for Cu—Zn—Al single crystals (SC) is
measured. The results of deformation based on the invariant plane strain model and the phenomenological theory are in very good
agreement with the experimental values. The invariant plane strain components, the dilatational and the shear component, are
evaluated. The resulting relative volume change going from martensite to f§ is ¢ = —0.0016 +0.0002, and the shear component is s =

0.1985+0.0004.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Martensitic phase transformation occurs in a large
number of alloys. Fundamental models of these trans-
formations are offered by the phenomenological the-
ories of Bowles and Mackenzie [1] and Wechsler,
Lieberman and Read [2]. The transformation is formally
described by a homogeneous Bain distortion plus a
supplementary shear whose amount is determined by the
condition of an undistorted habit plane existence. The
Ahlers model describes the path of the atoms during the
martensitic transformation, replacing the Bain distor-
tion by a combination of essentially two transformation
shears [3,4]. The salient crystallographic features for a
quantitative description are the orientation of the inter-
face plane separating the parent and martensitic phases,
the orientation relationships between the lattices in the
two structures and the magnitude and direction of the
macroscopic strain related to the transformation.
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The B to martensite stress induced transformation has
been well studied in B-brasses. Starting from a § SC the
18R-martensite variant induced by tension or compres-
sion is the one with higher Schmid factor [5]. In this
work, the length change associated with the compression
induced B-18R transformation is measured, in order to
ascertain the invariant plane strain components, the
dilatational and the shear component. Compression
tests in appropriate conditions permit to obtain a unique
variant of 18R martensite along all the samples [6], and
it can be retained at room temperature (RT) allowing
the direct evaluation of the macroscopical strain in-
volved. Moreover, the temperature and force depen-
dence of the length, though expected to be small, does
not have to be considered, being the measurement done
at zero force and RT. A reliable determination of the
transformation strain becomes important not only in
order to test theoretical predictions. It is required for the
calculation of fundamental magnitudes such as the
transformation entropies [7] or the martensite fault
density [8]. It is worth mentioning that the dilatational
strain component is postulated as responsible for the
dislocation formation in the martensitic transformation
in Cu-based alloys [9,10]. These dislocations play a
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fundamental role in the shape memory effect and in the
fatigue of the shape memory samples. The volume
change accompanying a martensitic transformation is
usually very small, and different procedures for its
evaluation have been used [11-13].

2. The transformation strain—theory

The martensitic transformation can be described as an
invariant plane (habit plane) strain deformation. As
shown in Fig. 1, it can be considered as a combination of
a shear on the invariant plane, sd, with an expansion or
contraction normal to that plane, &n, giving an overall
displacement ge. Following the formalism given by
Christian [14], this invariant plane strain transforms
any unit vector x in x+(g e)n - x = x+(g e) cosy, where
x 1s the angle between x and the invariant plane normal
n. Since the square of the initial length is one, the square
of the new length is 1425 cos y cos A+2¢ cos® y+
(s*+ &) cos? y, where A is the angle between x and the
direction of the shear component of the displacement d.

Considering the x vector in the sample axis direction,
the ratio between the final and initial length in the axial
direction, //ly, is

/
={1+2scos y cos 1+ 2& cos®
0

+ (8 + &) cos? 1} (1)

The transformation strain then is ¢ = Al/l,.

From the transformation model given in [15], the
shear and the normal components for the bce to 18R can
be calculated as:

s =[(1o13) + 0t — 1= (,mym5)°1'"?

S=mmn;—1

where ¢ is the volume change upon transformation, AV/
V =[V(martensite)— V' (beta)]/V (beta), and it is in
general very small. #q, #,, #3 are the dilatation para-
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/ habit plane [/

Fig. 1. Schematic illustration of the invariant plane strain. e, n and d
are the unit vectors specifying the direction of the displacement, the
normal to the invariant plane, and the shear component. g, ¢ and s are
the magnitude of the displacement, the normal or dilatational
component, and the shear component.

meters, and can be written in terms of ¢ and the
tetragonal distortion of the basic fct martensitic lattice,
Y =cla, as:
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The ¢ value is related to the spontanecous transforma-
tion temperature to martensite M;, being iy = (M (K)+

5413.5)/6021 [16]. Note that {/2(¢ + 1) is the r para-
meter in [15].

The s component can be rewritten as a function of 7,
and ¢ as:

2 12
o= [(“1> 141 @)
4

In this way, the transformation strain ¢ can be evaluated
as a function of the M,, the axis orientation, and the
normal component or volume change associated with
the phase transformation.

3. Experimental procedure

The master ingots of the Cu—Zn—Al alloys were
melted in quartz capsules under partial argon atmo-
sphere from high-purity (all 99.999%) metals in a
resistance furnace. The melt was vigorously shaken in
order to obtain a homogeneous solution. Many pieces
were cut from each alloy, cleaned in a solution of 50%
HNO; in water, and vacuum-sealed in quartz tubes.
Single crystals (SC) were then grown by the Bridgman
method. After solidification, the crystals were kept for
about 36000 s at 1070 K in order to homogenize them
and afterwards were quenched in water to RT. The
electron per atom ratio of the alloys was 1.48. The SC
was spark machined to produce cylindrical samples of a
diameter between 3.5 and 4 mm. A low speed diamond
saw was used to cut these cylinders to a gauge length
between 9 and 12 mm for the compression tests.
Therefore, the slenderness relationship was between
2.6 and 3.0. From each crystal several samples could
be cut. The parallelism of the end faces of the samples
was ensured by a careful mechanical polish. The
orientation of the SC was determined in the high
temperature  phase using the X-ray Laue method.
The 18R martensitic SC were induced from the § SC by
applying compressive stresses at temperatures between
M+20 K and M +25 K. The sample temperature was
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measured by a chromel-alumel thermocouple in contact
with the sample. The composition, the spontaneous
transformation temperature to martensite M, and the
angles between the axis and the martensitic shear system
of the SC used in this work are given in Table 1. M is a
function of the composition and it was calculated as M
(K)=3280—80Cz,—110Cy,;, with C, the atomic con-
centration of the x atoms [17,18].

The samples were compressed in a Shimadzu DSS-
10T-S deformation universal machine. To reduce the
stress inhomogeneities along the sample during the
compression tests, the end faces were covered with a
thin Teflon film and lubricated with grease. The stress—
strain curves were registered in the paper recorder of the
testing machine. For higher precision all measurements
were recorded and stored for further computation of the
length change using a high-speed digital acquisition
system. The length and the diameter of the samples were
also measured with a precision digital caliper, A =5 x
103 mm, in both phases. For surface observations the
samples were electropolished in a solution of 10% HNO;
in methanol at 277 K.

4. Results and analysis

The martensitic transformation was induced by ap-
plying compressive stress, Fig. 2 shows a typical stress—
strain curve. Starting from a B SC, the martensitic
transformation starts at a critical stress oy, after a
certain deformation at nearly constant stress it is
completed; cooling the sample below the transformation
temperature to the B phase, As, the martensitic SC is
retained on unloading. A, is around 6 K above M, in the
brasses [19]. In samples with 4, >RT, after cooling
under stress to RT the martensite was retained on
unloading. Samples with As near RT were previously

Table 1

Composition, M temperature, and angles formed by the compressive
axis with the habit plane (y) and with the martensitic shear direction
() of the SC used in this work

SC G (at.%) Ca1 (at.%) M, (K) P
1 13357 17.321 306 58 239
2 13.755 17.123 296 4 247
312167 17.917 336 59 234
4 12167 17.917 336 45 244
512,167 17.917 336 58 232
6 12.167 17.917 336 48 239
712,167 17.917 336 55 234
8 12.167 17.917 336 60 226
9 13.748 17.125 296 46 239
10 12.167 17.917 336 55 229
11 13.755 17.123 296 54 236
12 13.357 17.321 306 55 227
13 13.357 17.321 306 47 231
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Fig. 2. Stress—strain curve for the B-18R transformation. The
transformation starts at oy. An 18R SC is obtained after certain
deformation, and it is retained on unloading.

subject to a short stabilization treatment under stress in
order to increase the A [20]. The induced 18R variant is
that with the highest Schmid factor. In the stereographic
projection of Fig. 3 the habit plane normal P and the
direction d of the martensite shear for the compression-
induced 18R variant are plotted, as well as the 18R axis
of the orthorhombic lattice. By optical microscopy with
polarized light analysis it was made certain that a single
martensitic variant existed along the whole crystal. The
Laue diffraction pattern of the 18R basal plane was
obtained in each case to verify that the induced 18R
variant was the predicted one.

The length of each sample was measured in both
phases with the caliper. The sample length change was
confirmed with the strain register of the paper recorder
and the digital data. The measured strains ¢=Al/l,
between 4.5 and 7.6%, were compared with the calcu-

(001), [100],
® i
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Fig. 3. Stereographic projection showing the martensitic shear system
(P, d) for the 18R variant induced by compression (tensile axis in C).
(001), and [100], are the 18R axis of the orthorhombic lattice.
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lated ones. Values of the displacement normal compo-
nent ¢ between +0.1 and —0.3% were used to evaluate
the shear component s and the transformation strain,
Egs. (2) and (1), for the different samples. The relative
difference between the measured and the calculated
strain, ¢ =[e(calculated) —e(measured)]/e(measured),
was determined for the different ¢ values. Table 2
shows the obtained mean values of ¢ for the different ¢
values. The standard deviation of the 6 mean value is
0.9% in all the cases.

Considering the J expected mean value is zero, the
best approximation for the volume change going from 8
to martensite is —0.16%. Fig. 4 shows the distribution of
0 for £ = —0.16%. It can be reasonable fitted with a
Gaussian distribution with center 0.2 apart from zero,
and standard deviation of the mean ¢; = 0.5. Consider-
ing an expected value 6 equal 0, the acceptability of the
measured value can be evaluated. The ¢-variable defined
ast =16 —0|/c;[21] gives a discrepancy level of 0.40 o,
this value is well inside the standard acceptance bound-
aries and shows an excellent agreement between the
predicted and the experimental results. The data analysis
did not evidence systematic deviations because of
differences in the sample chemistry. Moreover, the
alloys used here have actually a very close composition.
Hence, a composition dependence of the results, if
exists, is not expected to be detected.

Fig. 5 shows the experimental strain against the
calculated one with ¢ = —0.16%, the least-square fitting
gives a slope of 0.97+0.07. The uncertainty in ¢
determination can be evaluated considering the uncer-
tainty in the lengths ratio measurement is around 0.1%.
This conduces to a value of &= —0.001640.0002.
Although the shear component s is composition depen-
dent through the tetragonal distortion ¥, Eq. (2), a
mean value becomes significant considering there are no
large differences in the alloy composition used here. The
obtained mean s value is §=0.1985+40.0004. Stabiliza-
tion does not lead to changes in the molar volume of
martensite but it does in ¥ [22]. The consequent
deviation in s was evaluated and it is far inside the
experimental scatter.

The Schmid factor for the martensitic shear system u
is maximum when the compressive axis is in the [001]g
orientation, and it decreases going to the [111]g pole. A

Table 2
Mean value of 6 = Aele (MV9) vs. the normal component ¢
¢ (%) MV (%)
0.10 —1.0
0 —0.7
—0.10 —0.3
—0.16 0.01
—0.20 0.2
—0.40 1.1
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Fig. 4. Frequency distribution of the relative difference between strain
values given by [1] and the experimental ones, J = A¢/e. Dot line
corresponds to the Gaussian fit.
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Fig. 5. Measured strain (H) vs. calculated strain according to Eq. (1).
Least-square fitting (full line).

second martensitic variant or a variant different for the
predicted one could appear as the Schmid factor of the
predicted one decreases. The orientation relationship of
the Schmid factor and the relative difference between the
measured strain and the predicted strain ¢ versus u are
shown in Fig. 6. No systematic dependence with the axis
orientation is observed for the several samples orienta-
tion tested here. The results are solidly indicating that a
single variant of 18R martensite is obtained by com-
pression under carefully experimental conditions. More-
over, optical microscopy observations via the
remarkable optical anisotropy of martensite variants
and X-ray Laue patterns of the basal plane confirm the
presence of the 18R single variant oriented according to
Fig. 3. The appearance of a second martensite variant at
the last stage of transformation has been reported in
[23], but this does not occur in our case.
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Fig. 6. Equal Schmid factor lines for the compression martensitic
shear system, and relative difference between measured strain and the
predicted one, 0 (£ = —0.16%), vs. the Schmid factor.

Using measurements of the length and diameter of the
samples prior and after the compression induced trans-
formation, the B volume Vg and the martensite volume
VM were determined and the volume change could be
evaluated. The frequency distribution of the relative
difference of volume AV/V = (Vy—Vp)/ V3 is shown in
Fig. 7. The distribution is centered in (—0.3+0.2)%,
being 0.2% the mean value error. While each i/ Vg
value has an important uncertainty, 0.6%, because of the
product and quotient error propagation, the statistic
mean value has a lower error. Despite the roughness of
the measuring method, it is interesting to remark that
both the sign as well as the magnitude of AV/V are in
accordance with the obtained from the evaluation of the
length change, considering ¢ = —0.16% is well inside the
68% confidence interval.
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Fig. 7. Relative volume change between 18R phase and B phase
determined via the samples length and diameter measurements. Dot
line corresponds to the Gaussian fit.

Table 3
Volume change for the martensitic transformation obtained here and
by different methods and systems

Number Alloy (at.%) AVIV (%) Experimental technique

1 Cu-13.75Zn—- —0.08 Density measurement
17.12A1 [11]

2 Cu-26.78Al1— —0.09% Pressure—temperature
4.56Ni [12]

3 Cu—26.80Al- —0.12% Pressure—temperature
4.10Ni [12]

4 Cu-28.8Al- —0.11% Pressure—temperature
3.2Ni [25]

5 Cu-27.7Al- —0.29% Phenomenological theo-
3.8Ni ry [26]

6 Cu-15Zn—-17A1 —0.26% Lattice parameters [27]

7 Table 1, this —0.16; —0.3% This work
work

The volume change associated with the martensitic
transformation obtained here can be compared with
that obtained by different methods and systems, Table
3. The values for Cu—Al-Ni (2, 3, 4) have been
calculated from the reported pressure dependence of
the critical transformation temperatures according to
the relation d7y/dp =AV/AS, where T is the equili-
brium temperature between martensite and the parent
phase, 1/2(M;+ Af), and AS is the entropy difference
between both phases calculated according to [24], AS [J
K~ ' mol ~ '] =2.87¢/a—2.80 with e/a the electron atom
ratio.

The influence of pressure and temperature on the
transformation entropy and the volume change has to
be considered in pressure—temperature determinations.
In Cu-based alloys the Debye temperature is around RT
[24], and taking into account that 7, was near RT and it
only changes about 5 K [12,25], the temperature
contribution to AS temperature dependence can be
neglected. The pressure dependence of AS can also be
neglected because [0AS(P, T)IOPlr =[0AV(P, T)l
AT, ~ 10~ " m*mol ! K ~'. Besides, it is not expected
that AV can be strongly influenced by the pressure.
However, from Table 3 the values of |AV/V| determined
by this method are lower than those obtained by the
other experimental techniques (excluding density mea-
surements). Within the experimental scatter it is not
possible to determine if this effect is a real one. A B SC
transforms to polyvariant martensite in density mea-
surements [11]. As the authors discussed, the measured
density includes interfaces and defects and could be not
a real martensite density.

There are some advantages of our determination
compared with the obtained by other methods, essen-
tially consisting of the possibility of measuring the strain
associated with the transformation from a matrix SC to
a martensite SC, and to do this at the same temperature
and atmospheric pressure. In comparison with compres-
sion test, tensile tests present some problems in measur-
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ing the elongation accurately even using an extens-
ometer [26]. Since the habit plane is not parallel to the
knife edges in general, it is not clear how to define the
completion of the transformation between the knife
edges.

5. Conclusions

According to the experimental results, we can con-
clude that: (i) A SC of 18R martensite, or a unique 18R
variant, can be obtained from a B SC by compression,
this under strict control of the slenderness relationship
of the samples, alignment of the end faces and an
appropriate lubrication between the surfaces of contact
as established in [6]. In this way, the B-18R transforma-
tion strain is direct and precisely achieved, allowing the
evaluation of the shear and dilatational strain compo-
nents. (ii) The results of deformation based on the
invariant plane strain model and the phenomenological
theory are in very good accordance with the experi-
mental values for the B-18R transformation. The result-
ing relative volume change going from martensite to [ is
¢ =—0.0016+0.0002, and the shear component is s =
0.1985+0.0004.
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