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Abstract: Ti49.2Ni50.8 shape memory alloy (SMA) was processed by equal channel angular pressing
(ECAP) for eight passes at 450 ˝C. The deformation homogeneity was analyzed on various planes
across the thickness by Deform-3D software. Strain standard deviation (SSD) was used to quantify
deformation homogeneity. The simulation result shows that the strain homogeneity is optimized by
the third pass. Deformation homogeneity of ECAP was analyzed experimentally using microhardness
measurements. Experimental results show that the gradual evolution of hardness with increasing
numbers of passes existed and the optimum homogeneity was achieved after three passes. This is in
good agreement with simulation results.

Keywords: TiNi shape memory alloy; equal channel angular pressing; finite element method;
strain homogeneity; microhardness

1. Introduction

TiNi-based shape memory alloys (SMAs) are considered one of the most promising materials
for engineering and biomedical applications due to their unique shape memory effect and
superelasticity [1,2]. In order to further improve the functional properties of TiNi SMAs, severe
plastic deformation (SPD) methods have been employed to refine the microstructure of alloys [3].
The used techniques include high pressure torsion (HPT) [4] and equal channel angular pressing
(ECAP) [5]. From an engineering application point of view, ECAP has the advantage of large sample
size. Therefore, ECAP processing of TiNi SMAs receives more attention. In 2002, Pushin and his
coworkers carried out the first ECAP of TiNi alloys and the grain size was reduced from 50–80 µm to
0.2–0.3 µm [5].

Until now, the principle of grain refinement resulting from ECAP has been well understood [6].
During conventional ECAP processing, an inhomogeneous microstructure may be achieved due to
die geometry [7], friction [8] and strain hardenability of material [9]. For TiNi SMAs, martensitic
transformation behavior and shape recovery properties are sensitive to microstructure. It has been
reported that the transformation temperatures decrease with decreasing of grain size [10–12]. The
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dislocations introduced during cold working also might suppress martensitic transformation and
improve the shape memory effect to some extent [13–15]. Therefore, deformation homogeneity is of
critical importance for understanding processing-microstructure relationship and providing guideline
on the optimization of shape recovery properties.

Finite element method (FEM) has been regarded as one of the important approaches to understand
the deformation behavior and estimate the developed strain in the ECAP process [16–18]. However,
to date, no report is available on the deformation homogeneity along different longitudinal planes
of TiNi alloys. In the present work, FEM was used to analyze the deformation homogeneity
by Deform-3D software. The simulation results were further experimentally validated by
microhardness measurements.

2. Simulation Models

Deform-3D Version 6.1 (Scientific Forming Technologies Corporation, Columbus, OH, USA)
was used to carry out the simulation of ECAP processing. In order to obtain the data of flow stress,
the solution-treated Ti49.2Ni50.8 alloy samples was compressed using Gleeble 3500 machine (Dynamic
Systems Inc, Poestenkill, NY, USA) at different strain rates. The compress tests were performed at
450 ˝C, at which most of the ECAP processing of intermetallic TiNi-based SMAs were carried out [4,19].

Figure 1 shows the FEM model for numerical simulation, including pressing ram, billet and ECAP
die with ϕ = 120˝ and ψ = 60˝. The intersectional angle was selected because it gave the highest strain
dispersal uniformity [17]. Route Bc was used since it was the optimum one for producing an ultrafine
structure [6]. The billet used for analysis was cylindrical in shape with a diameter of 10 mm and a
length of 60 mm. The simulation conditions, including geometry and process parameters, the FEM
elements number, meshing method as well as the physical properties of Ti49.2Ni50.8 are summarized in
Table 1. Figure 2 shows the plane sections taken through the processed ECAP billet in the simulation.
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Table 1. Simulation parameters and physical properties of Ti49.2Ni50.8 sample.

Parameter Value

Billet length (mm) 60
Billet Diameter (mm) 10

Initial billet temperature (˝C) 450
Initial tooling temperature (˝C) 450

Temperature range for flow stress (˝C) 450
Strain rate range for flow stress (s´1) 0.001–10

Punch speed (mm/s) 10
Friction coefficient between Die and billet 0.25
Friction coefficient between Die and ram 0.25

Total number of mesh elements 12,000
Minimum size of mesh element (mm) 0.7

Mesh density type relative
Relative interference depth 0.7

Density (g¨ cm´3) 6.45

3. Homogeneity Calculation

The degree of strain distribution homogeneity was calculated from the simulation model by a
mathematical coefficient called strain standard deviation (SSD) [20]:

SSD “

d

řn
i“1

`

εi ´ εavg
˘2

n
(1)

where εi is the plastic strain magnitude in point i and εavg is the average plastic strain from 300 points
at each plane section in the billet. The smaller the SSD value is, the better homogeneity of strain
distribution [17,21].

4. Experimental Details

Before processing, the samples were annealed at 850 ˝C for 1 h, followed by water quenching.
The samples were processed at the same parameters as described in the simulation model. The rod
was kept at 450 ˝C for 10 min in a furnace prior to each pass, transferred to the pre-heated ECAP die
as quickly as possible and then pressed at a rate of 10 mm/s. A graphitic lubricant was used to reduce
the friction effect between the die and sample. The ECAPed billet was cut to the same three planes as
in the simulation model (Figure 2) using the low speed diamond saw cutting machine to avoid the
possible change of microstructure.

Vickers microhardness test was conducted on the sectioned planes with an applied load of 200 g
and a dwell time of 10 s. The values of Vickers hardness (HV) were recorded using a HX-1000TM
digital hardness tester (Shanghai Zhaoyi Photonics Co., Ltd, Shanghai, China) equipped with a Vickers
diamond indenter. In order to investigate HV hardness distributions, 120 reading at every section
were measured, as shown in Figure 3. The three narrow bands represent the different zones in the
same plane. The width of the indentation is about 50 µm. In order to ensure the accuracy of the
microhardness results, the distance between each test points is at least 300 µm.
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5. Results and Discussion

In order to investigate strain homogeneity at each plane for the processed billet, it is necessary to
measure the average strain at every plane. As an example, Figure 4 shows the examined zones in each
plane. Hundred points were taken to measure the strain variation at every zone in each plane which is
sufficient to track strain variance. The length of examined zone is 20 mm along the deformed sample.
The middle zone is the center of plane C. The upper zone and the lower zone are symmetric, and the
distance is 0.6 mm from the edge of plane C.
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The effective strain was calculated using Equation (2)
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where εx, εy and εz are normal strain in x, y and z direction, respectively; and γxy, γyz and γzx are
shearing strain for x-y planes, y-z planes and z-x planes, respectively. The obtained effective strain
distribution across various planes at 1, 3, 4 and 8 passes are presented in Figure 5. Generally speaking,
the average strain increases as the pass number increases. Every plane shows the strain heterogeneity
for each pass, but strain variance between planes is reduced to a great extent at the third pass rather
than other passes. Figure 6 shows the deformation homogeneity using SSD quantifier as functions
of pass number and plane section. Usually, increasing pass number results in an increase of strain
distribution uniformity [18]. Thus, it is expected that SSD values will decrease with increasing pass
number. SSD measurement shows that homogeneity is optimized at the third pass rather than other
passes, which is consistent with the reported results [21]. Next, the microhardness of different planes
was measured to experimentally validate the simulation results.
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Figure 5. Average strain distribution in the different planes of Ti49.2Ni50.8 alloy processed by ECAP for 
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The homogeneity was first analyzed in terms of mapping contours, which were constructed by
the software of Tecplot. The microhardness measurements were plotted with the position as shown
in Figure 3. The blank region in Figure 3 was filled by the software using interpolation method.
Figure 7 shows the individual microhardness plotted against the position on various planes of the
solution-treated sample. The individual measurements are plotted in the form of color-coded contour
maps to provide a direct and visual representation of the data. The significance of the colors is shown
by the color scale given above the drawings. It is seen that solution-treated sample shows a uniform
distribution of microhardness irrespective of the position. The average value of microhardness
was determined to be 265 HV. This means that the homogeneous microstructure presents in the
solution-treated sample. Figure 8 shows the individual microhardness measurements for the ECAPed
samples with different pass numbers. It should be noted that the values of HV are plotted within
two ranges in incremental step of 10, the first range from 260 to 330 for the samples with one and
three passes, and the second range from 300 to 360 for the samples with four and eight passes. These
maps are constructed with the vertical axis in the Y direction where Y = 0 denotes the lower rear point
for each plane along the X-axis and the horizontal axis in the X direction where X = 0 and 20 mm mean
the rear and front positions of each plane, respectively.

Metals 2016, 6, 45 6 of 9 

Plane
 A

Plane B
Plane C

0.00

0.02

0.04

0.06

0.08

0.10

0.12

8-pass

4-pass

3-pass

2-pass

1-pass

 

St
rai

n S
tan

da
red

 D
ev

iat
ion

 
Figure 6. The effect of pass number on SSD for ECAPed Ti49.2Ni50.8 alloy. 

The homogeneity was first analyzed in terms of mapping contours, which were constructed by 
the software of Tecplot. The microhardness measurements were plotted with the position as shown 
in Figure 3. The blank region in Figure 3 was filled by the software using interpolation method. 
Figure 7 shows the individual microhardness plotted against the position on various planes of the 
solution-treated sample. The individual measurements are plotted in the form of color-coded 
contour maps to provide a direct and visual representation of the data. The significance of the colors 
is shown by the color scale given above the drawings. It is seen that solution-treated sample shows a 
uniform distribution of microhardness irrespective of the position. The average value of 
microhardness was determined to be 265 HV. This means that the homogeneous microstructure 
presents in the solution-treated sample. Figure 8 shows the individual microhardness measurements 
for the ECAPed samples with different pass numbers. It should be noted that the values of HV are 
plotted within two ranges in incremental step of 10, the first range from 260 to 330 for the samples 
with one and three passes, and the second range from 300 to 360 for the samples with four and eight 
passes. These maps are constructed with the vertical axis in the Y direction where Y = 0 denotes the 
lower rear point for each plane along the X-axis and the horizontal axis in the X direction where X = 
0 and 20 mm mean the rear and front positions of each plane, respectively. 

 
Figure 7. Color-coded contour maps showing Vickers microhardness distributions at solution 
treated sample before deformation along various planes. 

 

Figure 7. Color-coded contour maps showing Vickers microhardness distributions at solution treated
sample before deformation along various planes.



Metals 2016, 6, 45 7 of 9
Metals 2016, 6, 45 7 of 9 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 8. Color-coded contour maps showing Vickers microhardness distributions along various 
planes for the samples processed after different pass numbers: (a) 1 pass; (b) 3 passes; (c) 4 passes; 
and (d) 8 passes. 

Figure 8a shows the contour maps of the sample processed for one pass. Two important features 
can be observed. First, the microhardness is significantly higher than that of the solution-treated 
sample. This increase occurs over the entire planes due to the strengthening effect resulting from 
grain refinement and high-density dislocations introduced during ECAP. Since the sample is 
axis-symmetric, microhardness distribution of plane A and plane C are nearly the same. Second, an 
obvious inhomogeneity is revealed. The distribution of microhardness is less homogeneous than 
that of the solution-treated sample. The microhardness in the vicinity of lower surface are obviously 
lower than upper surface at each plane. The average hardness of bottom surface is reduced by 15–25 
as compared to the remainder region at each plane. This inhomogeneous region is confined to within 
a width of about 2 mm from the bottom surface. The occurrence of the lower hardness region in the 
bottom of the sample, which is the characteristics of the ECAP die with outer corner radius, is 
attributed to the faster flow of the outer part compared with the inner part in the main deformation 
zone [22–24]. 

Figure 8b shows the contour maps of microhardness along entire planes after three passes. It is 
seen that microhardness increases. Furthermore, the homogeneity is improved as compared to that 
of the sample processed for one pass. Figure 8c,d shows the contour maps of microhardness along 
various planes for the samples processed after four and eight passes, respectively. The 
 

Figure 8. Color-coded contour maps showing Vickers microhardness distributions along various
planes for the samples processed after different pass numbers: (a) 1 pass; (b) 3 passes; (c) 4 passes; and
(d) 8 passes.

Figure 8a shows the contour maps of the sample processed for one pass. Two important features
can be observed. First, the microhardness is significantly higher than that of the solution-treated
sample. This increase occurs over the entire planes due to the strengthening effect resulting from grain
refinement and high-density dislocations introduced during ECAP. Since the sample is axis-symmetric,
microhardness distribution of plane A and plane C are nearly the same. Second, an obvious
inhomogeneity is revealed. The distribution of microhardness is less homogeneous than that of
the solution-treated sample. The microhardness in the vicinity of lower surface are obviously lower
than upper surface at each plane. The average hardness of bottom surface is reduced by 15–25 as
compared to the remainder region at each plane. This inhomogeneous region is confined to within
a width of about 2 mm from the bottom surface. The occurrence of the lower hardness region in
the bottom of the sample, which is the characteristics of the ECAP die with outer corner radius,
is attributed to the faster flow of the outer part compared with the inner part in the main deformation
zone [22–24].

Figure 8b shows the contour maps of microhardness along entire planes after three passes. It is
seen that microhardness increases. Furthermore, the homogeneity is improved as compared to that of
the sample processed for one pass. Figure 8c,d shows the contour maps of microhardness along various
planes for the samples processed after four and eight passes, respectively. The microhardness increases
with increasing pass number to 8 passes. This is a general tendency and consistent with the simulation
results in which the deformation strain increases with increasing pass number. As compared to the
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results shown in Figure 8b, the differences between microhardness values at different zones and
different planes increase, as evidenced by the different color regions. For example, for the results
of the eight-passed sample shown in Figure 8d, there are three kinds of color regions at each plane,
respectively, and four kinds of color regions in the sample. This indicates that the inhomogeneous
distribution of microhardness becomes more obvious with increasing pass number. In order to provide
a clear comparison, Table 2 shows the detailed microhardness values with standard deviation. It is seen
that the three-passes sample is more homogeneous among various planes.

Table 2. Average microhardness values at different planes for the solution-treated and ECAP
processed samples.

Process Pass No.
Position at the Billet

Plane A Plane B Plane C

Solution treated 0 265 ˘ 2 265 ˘ 2 265 ˘ 2

ECAPed

1 313 ˘ 14 285 ˘ 20 310 ˘ 15.5
3 319 ˘ 6 317 ˘ 7.5 318 ˘ 6.5
4 326 ˘ 11 320 ˘ 7.5 327 ˘ 11.5
8 338 ˘ 10 346 ˘ 9 337 ˘ 12

6. Conclusions

Higher accumulative strain is obtained by increasing ECAP pass number, which leads to more
homogeneity, but heterogeneity still exists between planes. The simulation results show that the
optimum homogeneity can be obtained after three passes at 450 ˝C, which is experimentally confirmed
by the microhardness measurement. The results may provide the guideline on the optimization of
microstructure and shape memory properties by ECAP processing.
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