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Abstract The effects of thermomechanical treatments on

crystallographic texture and grain size evolution and their

impact on the pseudoelastic properties in Fe41–Ni28–Co17–

Al11.5–Ti2.5 (at.%) were studied in the present paper. The

results show that cold rolling leads to brass-type texture in

this alloy, which is typical for low stacking fault energy

materials. Thermal treatments up to 1300 �C were con-

ducted and it is shown that the presence of b-phase helps to

control grain growth. After the dissolution of the secondary

phase induced by heat treatment at higher temperatures, a

strong {230}h001i recrystallization texture evolves in cold

rolled samples already upon imposing medium reduction

ratios. Finally, good pseudoelastic properties are found in

conditions being characterized by adequate texture and

grain sizes spanning over the entire thickness of the sam-

ples tested.

Keywords Fe-based SMA � Texture � Cold rolling �
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Introduction

Shape memory alloys (SMAs) have gained increasing

attention due to their unique properties, i.e. shape memory

effect and pseudoelasticity (PE) [1]. Among numerous

SMA systems, binary Ni–Ti is currently the most widely

studied alloy system [2, 3]. Furthermore, Ni–Ti is used in

industrial applications since decades. However, high costs

related to complex processing and alloying elements limit

its use to niche applications. Thus, due to their low cost and

excellent cold workability the development of Fe-based

SMAs came into focus of research during the past two

decades [1]. However, the inherently non-thermoelastic

character of the martensitic transformation (MT) in ferrous

SMAs, e.g. Fe–Mn and Fe–Mn–Si, has been a roadblock

towards obtaining adequate PE behavior [4, 5].

Recently, two very promising alloy systems in this class

of SMAs showing room temperature PE were discovered,

Fe–Ni–Co–Al–Ta–B in 2010 [6] and Fe–Mn–Al–Ni in

2011 [7]. Since then, many research efforts have been

made focusing on the Fe–Ni–Co–Al–X (FNCAX) (X = Ta,

Ti, Nb) and Fe–Mn–Al–Ni–X (X = Ti, Cr) SMA systems to

improve PE in single- and polycrystalline conditions. In

case of FNCAX, the functional properties are based on the

MT between the disordered parent c-(fcc) and the

martensitic a0-phase (bct) [8–12]. In these alloys, sec-

ondary phases play a key role in designing mechanical

properties. Obtaining a thermoelastic character of the MT

in FNCAX is strongly related to the presence of coherent,

ordered c0-(L12) precipitates of Ni3Al-type [9]. Due to the

formation of coherency stress fields, these fine dispersed

precipitates mechanically strengthen the matrix of the

parent phase [7, 13]. However, the formation of the b-NiAl

(B2) phase, particularly along grain boundaries, evokes
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pronounced brittleness deteriorating the mechanical prop-

erties [14, 15].

In addition to the role of secondary phases, in poly-

crystalline structures several microstructural characteris-

tics, i.e. grain size, orientation distribution and texture,

respectively, have a significant impact on the functional

and structural properties of FNCAX SMAs [14, 15]. The

relationship between crystal orientation, crystallographic

texture and PE is well understood for Fe–Ni–Co–Al–Ta(–

B) [6, 9], Fe–Ni–Co–Al–Nb(–B) [16] and other alloys

belonging to the FNCAX family [13, 14, 17]. For the

polycrystalline FNCAX SMAs, all of them containing

Boron as an element suppressing the evolution of the b-

phase, cold rolling followed by recrystallization is a well-

established approach to obtain an excellent PE response in

the polycrystalline condition [7]. However, to obtain an

appropriate recrystallization texture, i.e. {hkl}h100i in the

c-phase, crucially needed for superior functional perfor-

mance, the deformation degree during cold rolling is an

important factor. Many studies have confirmed that a

cold rolling reduction above 98% should be achieved to

robustly promote {hkl}h100i recrystallization textures

[1, 12, 17, 18]. Nevertheless, Lee et al. [17] found that PE

could already be obtained in thicker sheets, i.e. following a

reduction of 90% only during cold rolling.

In light of these findings, in the present work the

influence of various reduction ratios during cold rolling

ranging from 85% to 92% as well as post-process heat

treatments on recrystallization texture and grain size evo-

lution in Fe–Ni–Co–Al–Ti SMA (without any addition of

Boron) has been studied. Incremental strain tests have been

conducted at room temperature to study the functional

properties under pseudoelastic loading. Results obtained

are used to establish solid relationships between the func-

tional properties following thermomechanical processing

and related texture evolution as well as the influence of b-

phase in grain growth control.

Experimental Procedure

A polycrystalline Fe41–Ni28–Co17–Al11.5–Ti2.5 (at.%) SMA

produced using vacuum induction melting was investigated

in this study. Specimens with 20 mm thickness were cut

from the cylindrical as-cast ingots and homogenized at

1150 �C for 4 h under argon flow followed by water

quenching. Specimens were cold rolled without interme-

diate annealing with different reduction ratios, i.e. 85%,

90% and 92% (85, 90 and 92 in the reminder of the text)

leading to final sheet thicknesses of 1.4 mm, 0.9 mm and

0.8 mm, respectively. For microstructure analysis and

mechanical testing small specimens as well as dog-bone-

shaped samples with a gauge length of 18 mm were

electro-discharged machined (EDM) from the cold rolled

sheets. To study the impact of recrystallization tempera-

tures on texture and grain size evolution heat treatments

were conducted for 0.5 h at three different maximum

temperatures, as highlighted in Fig. 1, followed by water

quenching. During the heat treatments samples were kept

in quartz tubes under argon atmosphere to avoid oxidation.

For microstructure characterization optical microscopy

(OM), scanning electron microscopy (SEM) including

electron backscatter diffraction (EBSD) and X-ray

diffraction were conducted. Specimens were ground down

to 5 lm grit size and mechanically polished for 2 h using a

colloidal silica suspension (0.04 lm) employing a Vibro-

Met 2 vibratory polishing machine. For OM, specimens

were etched using 2% nitric acid solution. SEM analysis

was conducted using Zeiss ULTRA GEMINI high-resolu-

tion SEM operated at an accelerating voltage of 20 kV.

X-ray pole figures and diffractograms were determined

using a Seifert Analytical X-ray diffractometer with a Mn

tube (Ka1/Ka2 lines) and a monochromator at 35 kV and

30 mA. To analyse texture evolution following the differ-

ent recrystallization treatments (cf. Fig. 1), pole fig-

ures from the three main peaks of the c-phase were

measured and the orientation distribution function (ODF)

was calculated using the Mtex Package [19].

In order to evaluate the PE properties, quasi-static uni-

axial tensile incremental strain tests (ISTs) were conducted

using a servo-hydraulic test rig at ambient temperature.

ISTs were carried out at a nominal strain rate of

0.33 9 10–3 s-1 in displacement control. Strains were

determined using an extensometer with 12 mm gauge

length. For mechanical testing, samples were additionally

aged at 600 �C for 4 h to precipitate the c0-phase. Fol-

lowing aging, samples were again mechanically ground.

Fig. 1 Thermal treatments conducted in this study with the three

different maximum temperatures 1300 �C, 1250 �C and 1200 �C
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Results and Discussion

Grain Size and Phase Evolution

Figure 2 shows the microstructure of Fe–Ni–Co–Al–Ti

cold rolled material following three different reduction

ratios. All conditions are characterized by the presence of

c- and b-phase. As will be highlighted in the following, all

measurements conducted in present work using different

techniques (X-ray, OM and EBSD) did not reveal the

presence of martensite in any specimen following cold

rolling. An explanation for this observation could be

deduced from the martensite transformation temperatures

that are reported to be below 270 K for several alloys

belonging to this family of SMAs. The low transformation

temperatures are thought to be responsible for pronounced

dislocation activity and the absence of martensitic trans-

formation, however, in-depth analysis is out of the scope of

present work. In line with results presented here, however,

no martensite after cold rolling was shown in the literature

reporting on similar alloys. The b-phase is oriented

alongside the rolling direction (RD) being characterized by

elongated grains and the typical ‘‘pancake’’ shape. How-

ever, grain morphology of the c-phase, i.e. size and shape,

as a function of deformation level is not clearly evi-

dent from OM analysis. In addition, EBSD inverse pole

figure (IPF) maps of the cold rolled specimens were

obtained and are displayed in Fig. 3. As can be seen,

independent of the deformation degree, grain sizes are in a

wide range between 3 lm and 10 lm due to fragmentation

resulting from mechanical processing. The ND plane was

chosen for EBSD analysis to facilitate evaluation of grain

size evolution. Clearly, intensity of texture increases with

increasing reduction ratio. The evolution of the main ori-

entations will be discussed in the next section.

As the microstructures shown are highly unfavorable for

enhanced functional performance, thermal treatments (TT)

at 1300 �C, 1250 �C and 1200 �C were performed to study

the grain size and texture evolution upon recrystalization. It

is important to note that the grain boundary (GB) move-

ment of those GBs that are decorated by secondary phase

can be decreased due to pinning forces and, thereby, grain

growth is impeded [20]. This phenomenon has been

reported for various SMAs, e.g. Cu-based [21], Co–Ni–Ga

[22] and FNCAX [12, 17], whereas the b-phase is present

in the latter case. Maximum temperatures of TT were

chosen to be close to the dissolution temperature of the b-

phase. For Fe–30Ni–15Co–10Al–2.5Ti–0.05B (at.%) Lee

et al [17]. showed that the alloys are in single c-phase

condition upon TT at 1200 �C. Figure 4 shows the

diffractograms for specimens rolled to 92% in the as-rolled

(Fig. 4i) and recrystallized conditions following TT at

1200 �C, TT at 1250 �C and TT at 1300 �C (Fig. 4ii–iv),

respectively. As the material is characterized by a similar

phase evolution in the as-rolled and heat-treated conditions

after cold rolling with reduction ratios of 85% and 90%,

these results are not shown in present work for the sake of

brevity. As can be seen in Fig. 4ii), for the Fe–Ni-Co–Al–

Ti SMA being used in the present study b-phase is still

present after cooling from the TT at 1200 �C. However, a

significant change in peak intensities of the c- and b-phase

is evident compared to the as-rolled condtion, especially in

Fig. 2 Optical micrographs of cold rolled specimens with reduction of i, iv 85%; ii, v 90% and iii, vi 92% (RD is vertical)
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case of the (220) c-peak located at 2h = 111�. Thus,

according to the diffractogram (Fig. 4ii), the volume frac-

tion of the secondary phase is significantly decreased.

Additional analysis using OM (not shown here) revealed

values close to 5%. After the TT at 1250 �C the b-phase is

almost fully dissolved within the matrix, nevertheless,

there is still some small amount mostly located at the grain

boundaries as can be seen in the 2nd column of Fig. 5.

Upon TT at 1300 �C no traces of the b-phase are left. This

clearly indicates that the absence of Boron leads to a slight

increase of dissolution temperature for the composition

investigated in this study.

When the b-phase is dissolved into the matrix, pinning

forces that imped grain growth of the c-phase are dimin-

ished [17]. Figure 5 shows EBSD IPF maps for the 85, 90

and 92 specimens in the thermally treated conditions.

Independent of the reduction ratio during cold rolling, the

EBSD plots illustrate an increase in grain size with

increasing annealing temperature. In line with the findings

obtained by X-ray diffraction, following the TT at 1200 �C
the presence of b-phase is visible and exemplarily marked

Fig. 3 EBSD inverse pole figure (IPF) maps of cold rolled specimens

with reduction ratio of i 85%, ii 90% and iii 92%. The IPF maps were

plotted with respect to the normal direction (ND). The color-coded

standard triangle and the reference coordinate system are shown in

(i) and (iii), respectively (RD is vertical) (Color figure online)

Fig. 4 X-ray diffractograms of specimens rolled with a reduction ratio of 92% in different conditions: i cold rolled, ii TT-1200 �C, iii TT-

1250 �C and iv TT-1300 �C
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by a black arrow (1st column of Fig. 5), whereas only

small amounts of b-phase remain in the microstructure

after the TT at 1250 �C (2nd column of Fig. 5). Finally,

following the TT at 1300 �C (3rd column of Fig. 5) the b-

phase is completely dissolved promoting secondary

recrystallization of the c-phase leading to grain sizes up to

5 mm. In conclusion, by an appropriate choice of the

annealing temperatures and time, grain growth can be

robustly applied for adjusting mechanical properties of the

FNCAX SMA.

Texture Evolution

Figure 6 shows ODF sections for u2 = 0�, 45� and 65�
related to the c-phase for the 85, 90 and 92 specimens in

the as-rolled condition. It is known from literature that fcc

materials can feature different types of rolling textures,

depending on material and processing parameters as well

as stacking fault energy [23]. One common type of rolling

texture is the so-called Brass-type texture. It can be

described as a combination of Brass-{110}h112i and Goss-

{110}h001i orientations along the a-fiber, where h110i is

parallel to the normal direction (ND) of the rolled sheet

[23]. As can be deduced from Figs. 2 and 3 the

microstructure of the as-rolled specimens is characterized

by the fragmentation of the c-grains due to the rolling

process. The X-ray analysis in Fig. 6 reveals for all as-

rolled conditions that the resulting texture is Brass-type,

being common for low-SFE materials, e.g. FNCAX

SMAs [12]. In Fig. 3 the majority of grains is characterized

by the h110ic direction being parallel to the ND direction.

This result is in good agreement with the definition of the

a-fiber. However, for all studied deformation ratios a slight

change in orientation density can be observed with

increasing reduction ratio from 85% to 92%. This is

associated to the increase of the {110}h115ic Goss/Brass

(see Fig. 6iii) orientation, which has been previously

reported as an intermediate texture that appears previously

to the full brass texture in conditions featuring a high

reduction ratio [18].

In Fig. 7 ODF sections for the c-phase are illustrated for

specimens heat treated according to TT-1250 �C. As can be

seen in the X-ray diffractogram shown in Fig. 4 and the

EBSD images shown in Fig. 5 following the TT at

1250 �C, the b-phase still is present in the microstructure,

particularly alongside the GBs. As previously discussed,

the main phase, i.e. the c-phase, thus, has not been fully

recrystallized. Grain size is around 50 lm for a reduction

ratio of 85% and close to 200 lm for the reduction ratios of

90% and 92% (cf. Fig. 5). In addition, the main texture

component remains in the a-fiber, however, with a

remarkable increase of the Goss/Brass orientation for all

Fig. 5 EBSD IPF maps in the ND plane of all conditions after thermal treatments. The color-coded standard triangle and the reference coordinate

system are shown in Fig. 3. RD is vertical. Scale bars are different for the conditions considered (Color figure online)
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TT-1250 �C specimens. The significant increase of the

ODF density intensities is also reflected in the remarkable

change of the (220)c peak between the as-rolled and sub-

sequently heat-treated condition shown in the diffrac-

tograms in Fig. 4i and iii, respectively. Furthermore, grain

sizes and the intensity of the main orientation increase with

increasing reduction ratio (cf. 2nd column in Figs. 5 and 7).

This is related to the stored energy imposed by the defor-

mation process of the material. Texture evolution during

the TT at 1200 �C is very similar and, thus, not shown in

the present paper for the sake of brevity.

Figure 8 shows the ODFs for specimens heat treated

according to the TT-1300 �C. Annealing at this tempera-

ture results in the full dissolution of the b-phase (cf.

Fig. 4iv and the 3rd column of Fig. 5). Due to the absence

of the secondary phase, there is no pinning force that could

impede the secondary recrystallization and, thus, grains

grow up to 5 mm as can be seen in Fig. 5. In addition, a

fundamental change of the texture component occurs dur-

ing the recrystallization process at 1300 �C as compared to

microstructure evolution upon TT at 1200 �C and TT at

1250 �C. In detail, the a-fiber vanishes and is replaced by

the {hkl}h100ic type component, where the h100i direction

Fig. 6 ODF sections for u2 = 0�, 45� and 65� for cold rolled specimens with reduction ratios of i 85%, ii 90% and iii 92%. (Orientation

{110}h115ic is marked with � in iii) (Color figure online)
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is parallel to RD. For the specimen being characterized by

a reduction ratio of 92%, the texture main component is

Goss-{110}h001ic, whereas for both 85 and 90 specimens

the main component is close to {230}h001i. This texture

evolution is in good agreement with previous results

observed by various authors [12–14, 18]. However, texture

intensities reported in this paper are higher than the ones

obtained in previous works when looking at similar

reduction ratios. This difference might, at least in part,

result from the relative slow heating to the maximum

temperature during the TT allowing for well-defined

development of recrystallized grains in the material.

Pseudoelasticity

Samples treated according to TT-1250 �C and TT-1300 �C
were aged at 600 �C for 4 h to induce c0-phase precipitates.

Besides the influence of texture, the size and the volume

fraction of the c0-phase play an important role in phase

transformation as both affect the morphology of the

martensite and eventually the amount of irreversible

deformation following pseudoelastic testing [9, 13]. Fig-

ure 9 shows the pseudoelastic response at room tempera-

ture for the specimens treated according to TT-1250 �C
and TT-1300 �C (RD is parallel to load direction). As can

be seen in Fig. 9v, the transformation stress is close to

500 MPa and a fully reversible MT is obtained for the

Fig. 7 ODF sections for u2 = 0�, 45� and 65� for specimens heat treated according to TT-1250 �C subsequent to cold rolling with reduction

ratios of i 85%, ii 90% and iii 92% (Color figure online)
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specimen being characterized by a reduction ratio of 90%

following the TT at 1300 �C. Nevertheless, the specimen

failed after 1.5% of deformation, which could probably be

attributed to remaining high angle grain boundaries as was

suggested by Lee et al. [17]. These grain boundaries can

result in a brittle material behavior and, thus, to early

fracture. The EBSD results in Fig. 5 support this assump-

tion, as the microstructure still contains some grains being

characterized by unfavorable crystallographic orientation.

The 85 and 92 specimens after TT at 1300 �C show no PE

effect upon deformation. The transformation stress for a

reduction ratio of 92% is around 800 MPa and the sample

with the reduction ratio of 85% already failed in the elastic

regime. The difference in mechanical response can be

related to grain constraints being present due to grains

lacking adequate crystallographic orientation. Since the

aging treatments were done in the same way throughout all

tests, aging affected changes in the mechanical response

can be excluded. So far, data reported in the literature

revealed that only very specific material conditions are

characterized by good PE properties in case of the FNCAX

SMAs. Only thermomechanically processed conditions

being characterized by pronounced texture and grain sizes

up to 2 mm, spanning over the entire thickness of the

samples, showed a fully reversible phase transformation

[17]. This kind of microstructure helps suppressing grain

constrains in the sample volume, since every single grain is

solely constraint in a 2D space. Upon TT-1300 �C the grain

Fig. 8 ODF sections for u2 = 0�, 45� and 65� for specimens heat-treated according to TT-1300 �C following cold rolling with reduction ratios

of i 85%, ii 90% and iii 92%. ({230}h001i is marked with ? in ii and Goss Orientation is marked with � in iii) (Color figure online)
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size grows up to more than 3 mm and, thus, spans over the

entire thickness of the samples tested. In addition, as can be

seen on ODF sections in Fig. 8, the texture in specimens

changes from {230}h001i orientation upon reduction of

85% and 90% to Goss in the 92% condition. The

{230}h001i was previously reported to be a beneficial

texture for PE [12] while there as is no references in the

literature reporting on good PE response for pure Goss

texture. Finally, the intensities of the main orientations in

the 90% specimens are higher than in 85%. In conse-

quence, only in the TT-1300 �C condition (reduction ratio

of 90%) the grain orientation as well as grain size seem to

precisely fulfil the prerequisites for reversible functional

properties.

As is revealed in Fig. 5, upon TT at 1250 �C unfavor-

able oriented grains may lead to significant grain con-

straints, however, the fraction of unfavorable grains is

lower for 90/TT-1250 �C and 92/TT-1250 �C conditions.

This might explain the differences in the mechanical

response for the sample featuring a reduction ratio of 85%.

In this condition a very early fracture is observed, similar

to the 85/TT-1300 �C condition. For both the 90 and 92

specimens following the TT at 1250 �C at least minor PE

behavior is seen. Stresses for MT in these conditions are

significantly higher as compared to the TT-1300 �C con-

ditions featuring the same reduction ratios. Since the ODF

sections of the TT-1250 �C conditions reveal a high den-

sity of Goss/Brass texture with a majority of {110} planes

parallel to the ND plane and the h115i directions parallel to

rolling direction, a possible explanation for the higher

stresses for MT can be deduced. According to [24] the

resolved shear stress factor (RSSF) is higher in the h111i
direction than in h001i. Thus, critical stresses for MT are

supposed to be higher for the h115i direction as compared

to h001i, eventually exceeding the yield strength of the

material. A similar behavior was also observed by Kireeva

et al. [25], who showed the evolution of critical stresses for

differently oriented single crystals in the Fe–Ni–Co–Al–Ta

SMA system. This clearly provides for a rationale for the

low reversibility in this condition. Nevertheless, the high

ultimate stresses found are thought to indicate that the TT-

1250 �C conditions can be suitable candidates for excellent

functional properties at lower testing temperatures, i.e.

taking into account the Clausius–Clapeyron relationship.

However, a reliable conclusion is hardly possible at this

point, as only limited mechanical data are available for the

respective orientation.

Conclusions

The influence of cold rolling and subsequent thermal

treatments on grain size and texture evolution of Fe–Ni–

Co–Al–Ti SMA (without Boron addition) was studied and

the following conclusions could be drawn:

Fig. 9 Pseudoelastic response of specimens upon treatment according to TT-1250 �C (i–iii) and TT-1300 �C (iv–vi) subsequently aged at

600 �C for 4 h (RD parallel to load direction)
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(1) The dissolution temperature of the secondary b-

phase is close to 1250 �C for the present composi-

tion. Since the b-phase strongly impedes grain

boundary motion during annealing, the presence of

the secondary phase allows direct control of grain

growth and texture.

(2) Due to full dissolution of the b-phase upon annealing

at 1300 �C, secondary recrystallization of the c-

parent phase occurs leading to significant grain

growth and a major modification in texture compo-

nents, i.e. a change of character from Brass type to

{hkl}h001i.
(3) X-ray analysis reveals adequate texture evolution

already in conditions following medium deformation

(reduction ratios below 92%) and annealing at

1300 �C. This clearly is a significant improvement

as compared to results available in the literature

stating that a thickness reduction of 98.5% is

required.

(4) Good pseudoelastic performance has been obtained

in a condition being characterized by a {230}h001i
texture after thermal treatment at 1300 �C. This is

attributed to favorable grain orientations and grain

sizes spanning over the entire thickness of the

samples tested, effectively avoiding detrimental

grain constraints in the sample volume.
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