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a b s t r a c t

A detailed microstructural analysis during the intermediate stages of fabrication of NiTi

orthodontic archwire is carried out in this study. These microstructural findings were

related to the phase transformation characteristics such as start and finish transformation

temperature, thermal hysteresis, etc. The objective was to monitor the transformation

window during the different stages of thermomechanical processing. The casted alloy was

further subjected to combinations of hot and cold forging steps with intermediate

annealing. Four different sample conditions were prepared. The microstructure develop-

ment in these samples was studied through electron back-scattered diffraction and syn-

chrotron radiation X-ray diffraction (SR-XRD) techniques. The phase transformation

temperatures were determined by differential scanning calorimetric measurements. The

microstructures showed grain boundary serrations, very large grains of austenite, twin-like

features within austenite grains and mixed-phase distribution of austenite and martensite.

The differences in microstructures were also clear in terms of local in-grain misorientation

and grain boundary fractions. SR-XRD measurements further revealed possible precipita-

tion of Ni4Ti3 and Ni3Ti. The martensite start temperature (Ms) was seen to be a clear

function of high angle grain boundary fraction, while the finish temperature (Mf) showed

an inverse trend. The transformation interval, MseMf is related to the stored energy of

austenite grains that determines the driving force to overcome the frictional work

opposing the movement of the habit plane, while and Af eAs largely depends on the elastic
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energy stored of the martensite plates during its growth. The hysteresis during reverse

transformation (M / A) was related to the local in-grain misorientation.

© 2021 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

NieTi based alloys are of interest on account of their unique

properties, the shapememory effect (SME) and superelasticity

(SE), making them attractive candidates for applications such

as aerospace [1e3], biomedical engineering [4e6], and robotics

[7,8] to list a few. Both these effects are the result of a

reversible solidesolid phase transformation, high-

temperature, high-symmetry phase B2 (austenite) 4 low

symmetry phase B190 (martensite) either through thermal or

stress inducement [9,10]. The latter decides superelasticity.

This readily relates to thermoelastic transformation with

twinning as the mode of deformation or self-accommodation.

Since superelastic behavior in these alloys is observed

under isothermal conditions, applications requiring a well-

controlled temperature environment are most effective, e.g.,

in the human body. Use of superelastic NieTi alloys is dis-

cussed in a wide range of biomedical applications, which

include dental surgeries and implants [11,12], endoscopy and

cardiovascular treatments [12,13]. The majority of these

superelastic NieTi biomedical devices are fabricated from

wires. Having thesematerials in the form of wire, the inherent

disadvantage of slow response due to limitation on the cooling

rate can be significantly overcome because of the high sur-

face/volume ratio [14]. Extensive use of this material is found

in orthodontic arch-wires. These archwires display a low

modulus of elasticity in combination with a high strength that

allows to bear large elastic deformation due to the ‘spring-

back’ nature [15]. The superelastic response in thesewires can

be governed by specific thermodynamic relations that act as a

driving force for the transformation. A correlation exists be-

tween the thermal hysteresis and the superelastic strain. The

larger the hysteresis, the higher is the recoverable strain seen

in shape memory effect. This leads to a higher superelastic

strain of the binary alloy [16]. Furthermore, the plateau stress

in a superelastic cycle can be related to the change in enthalpy

through ClausiuseClapeyron equation [17]:

ds
dT

¼ �DH
Tε0

where ds is the change in plateau stress, T is the test tem-

perature, DH is the latent heat of transformation (obtained

from DSC measurements) and ε0 is the transformational

strain. To display the superelastic behavior in the working

temperature range, it is required to have the finish tempera-

ture of austenite transformation, Af, below the oral cavity

temperature. Also, the differential between the Af and the oral

(working) temperature decides the critical stress for stress-

induced martensite transformation, which dictates the
actuation force; this should reach the required force for the

type of teeth that the arch-wire will be actuating on.

NieTi SMAs in wire form are obtained by thermo-

mechanical processing routes through a combination of

forging, rolling, and cold-drawing to achieve 30e50% reduc-

tion in cross-section area followed by intermediate annealing

[17]. As a consequence of these adopted thermo-mechanical

processes, the signatures of transformation such as start

and finish temperatures of transformation [18e20], the

occurrence of one step or multistep martensitic trans-

formation, or the enthalpy can be largely tailored together

with maintaining close dimensional tolerances during pro-

cessing [21,22]. These processes can be understood from the

microstructure point of view, as all these processes govern the

microstructural development which greatly affects the phys-

ical properties and mechanical behavior of the NieTi alloys.

However, previous studies on microstructure development in

these alloys with respect to thermally induced transformation

were limited primarily in understanding the formation and

distribution of metastable precipitates, dislocation arrange-

ments and local stress fields which alter the mechanics of

martensitic transformation. These researches have shown

that these factors individually or in combination can delay or

suppress the martensitic transformation or induce a two-step

transformation [23]. What is understood is that these pro-

cesses in combination with different heat treatments lead to

precipitation of certain metastable phases such as Ni3Ti2 and

Ni4Ti3 [24e27] that establish coherent stress fields with the

matrix. These external stresses may favor the appearance of

certainmartensite variants over others that dictates the phase

transformation or induce a second transformation. However,

to date, no study exists linking intermediate stages of thermo-

mechanical processes for fabrication of orthodontic wires to

control the transformation window with direct microstruc-

tural observations: changes in grain size and shape, nature of

interfaces, in-grain misorientations, residual martensite

content, etc. This had been the motivation behind the present

study.

The objective of this study was to index the possible

microstructural development by direct electron backscattered

diffraction (EBSD) and X-ray diffraction measurements to the

calorimetric signatures of phase transformation.
2. Experimental methods

NieTi (50.8 at.% Ni and 49.2 at.% Ti) alloy button was prepared

by vacuum induction melting (VIM). The cast button was

further remelted through the vacuum arc remelting (VAR)

process. The secondary melting process (after VIM) was

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Fig. 1 e DSC results for as-cast and remelted sample. The

remelting was sufficient to regain the calorimetric

signatures of the phase transformation with a high degree

of control over the microstructural homogeneity.
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sufficient to bring back calorimetric signatures of

austenite4martensite transformationswith a high degree of

control over the microstructural homogeneity (Fig. 1).

A relatively complex thermo-mechanical schedule was

used, summarized in Fig. 2. The adopted thermo-mechanical

process involved four hot forgings followed by two subse-

quent cold forging steps with approximately 10, 20, 14, 17 and

40% reduction in diameter respectively at each step; after each

forging step, the samples were subjected to annealing treat-

ment (800 �C/10 min). The 2nd cold forging step reduced the

final diameter to 3 mm. As mentioned earlier, the stated

objective of the present research was to identify the phase

transformation patterns after selected intermediate process-

ing steps and correlate them with the corresponding
Fig. 2 e Schematic of the adopted thermo-mechanical process. T

steps; after each forging step, the samples were subjected to an
microstructure. The studywas limited to remelted (sample A),

the first-hot forged (sample B), and the cold-forged samples

(sample C and D) (Fig. 2). For the production of orthodontic

archwires, diameters are usually further reduced to desirable

sizes through final cold drawing, but the present work deals

with studying the transformation characteristics during pri-

mary processing stages. So, the final wire drawing process

was not included within the scope of the present study.

The samples were subjected to standard metallographic

techniques for surface preparation followed by electro-

polishing using a Struers Lectropol 5 system: 18 V DC, the

electrolyte of 80:20 (by volume) methanol: perchloric acid at

273 K (0 �C).
For electron backscattered diffraction (EBSD) analysis,

measurements were performed in a FEI Quanta-3D field

emission gun-scanning electron microscope (FEG-SEM) with

Tex-SEM Laboratories (TSL)-Orientation Imaging Microscopy

(OIM™) EBSD system. Typically, the scan step size of 0.5 mm

was maintained for all samples under investigation. Data

points above 0.1 CI (confidence index) valueswere taken for all

successive analyses. CI (on a scale of 0e1) determines the

accuracy of automatic indexing. CI values above 0.1 represent

more than 95% success [29]. For EBSD analysis the definition of

grains must be clearly understood. Grains were defined as

regions continuously bounded by misorientation >5�. Typi-
cally, low angle boundaries (LAGB) s had boundary misorien-

tation between (2e5)� whilemediumangle boundaries (MAGB)

s showed (5e15)� misorientation. Misorientation >15� were

identified as high angle grain boundary (HAGB) s. Grain

average misorientation (GAM) values were taken as the

average point-to-point misorientation inside all identified

grains. For accurate identification of the martensite phase, a

minimum of 5 Hough peaks and optimized indexing param-

eterswere used [30]. This effectively eliminated the chances of

incorrect phase identification.

High-energy Synchrotron radiation X-ray diffraction (SR-

XRD) data were obtained at beamline (P07) of PETRA III
his involved a combination of four hot and two cold forging

nealing treatment.
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Fig. 3 e Microstructural developments through the adopted thermo-mechanical processes for the remelted (A), first hot

forged (B), first cold forged (C) and second cold forged (D) samples. Inverse pole figure (IPF) maps of the austenite and

martensite phases are included. Also included is the normalized X-ray diffraction plots showing the identification of the

major peaks. Though EBSD measurement within the scan limited area could not bring out significant presence of (110)

orientations of the B2 austenite phase, XRD diffraction plot did show strong (110) peak, which is attributed to its higher

scattering factor.
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synchrotron radiation source at DESY (Hamburg, Germany).

The SR-XRD provides a huge collection of diffraction data

for the complete determination of the crystallographic

structure of materials in minutes [31]. For the high-energy X

rays, the sample absorption is relatively small, making it
possible to study 1 mm thick samples in transmission ge-

ometry. The samples were sectioned perpendicular to the

longitudinal direction. A beam of monochromatic X-ray

with the energy of 87 keV (wavelength of 0.1425 �A) and a

beam spot size of 200 � 200 mm2 was used-. A two-

https://doi.org/10.1016/j.jmrt.2021.10.008
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Fig. 4 e Presence of precipitates along grain boundaries and grain interiors. Energy dispersive X-ray measurement for few

random precipitates suggests that these precipitates were Ni4Ti3 and other complex intermediates.
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dimensional digital flat panel X-ray detector (Perkin Elmer

XRD 1621) positioned at 1.35 m behind the sample was used

to record the diffracted rays. The measured raw data con-

sisted of a series of two-dimensional diffraction patterns

which were treated using the Fit2D program to obtain the

corresponding one-dimensional diffraction patterns by

integration for Phi from 0 to 360� [32]. All peaks were suc-

cessfully indexed using the ICDD (International Centre for

Diffraction Data) database.

For calorimetric measurements, samples were studied

using a DSC 204 F1 Phoenix differential scanning calorimetry

(DSC) equipped with a LN2 cooling attachment and an inert

gas (N2) atmosphere. The heatingecooling cycles for all

thermo-mechanically processed specimens were performed

in the temperature span of �150 to 150 �C at the rate of

10 K min�1.
Fig. 5 e Large size grains with serrated grain boundaries is

observed for the first hot forged sample B. Often these

microstructures were characterized by presence of fine

sized grains residing in grain boundaries and triple

junctions. The orientation of these fine sized grains

(shown in the inset) had larger spread than statically

recrystallized grains, suggesting that these grains were

dynamically recrystallized.
3. Results and discussion

3.1. Microstructure development

Fig. 3 summarizes the evolution of themicrostructures during

processing as seen in the EBSD-measured IPF (inverse pole

figure) maps estimated for both austenite and martensite

phases. A better description of the presence of phases is

available in the XRD (X-ray diffraction) plots. The colors in the

IPF maps refer to the directions (NDs) perpendicular to the

EBSD scan plane (cross-sectional plane of the cylindrical

samples). The typical microstructures included are refined

grains with serrated boundaries (sample A), large grains with

https://doi.org/10.1016/j.jmrt.2021.10.008
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Fig. 6 e Clear differences in grain boundary fractions and local in-grain misorientation between different samples are seen.

(a) Austenite B2 and (b) martensite B19′ grain boundary fractions plotted for samples A, B, C and D. (c) Average

misorientation (GAM) plotted for all samples.
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serrations (sample B), the presence of twin-like bands in the

parent austenite grains (sample C), and fine-grained distri-

bution of austenite and martensite phases (sample D). A

careful look into the IPF orientation maps of B2 austenite

showed the presence of black regions (non-indexed regions)

which had data points of CI � 0.1. Typically, the B190 mono-

clinic martensite structure is often difficult to characterize by

XRD and EBSD; it must be pointed out that the presence of

martensite was also observed in these “black” regions, under

the conditions of detection of a minimum of five diffraction

bands and CI > 0.1. It must also be noted that each different

microstructure had varying austenite grain sizes, as apparent

in the IPF maps, hence it was not possible to maintain iden-

tical scan sizes for all specimens.

Sample A presents a homogenized microstructure. The

serration in the boundaries seen in sample A was due to

possible precipitation of secondary phases that caused

pinning during the boundarymigration. The image quality (IQ)

map in Fig. 4 for a magnified region of sample A shows the

distribution of precipitates in the austenite boundaries.

SR-XRD measurements further clarified the presence of

oxides (Ni4Ti2O) and TiC on samples A and B or possibly

overlapping with other peaks for samples C and D. The X-ray

measurement for compositional analysis were performed on

few randomly distributed precipitates of different size and

shapes, indicated by suitable markers. The location of such

precipitates was found both in grain interiors and boundaries.

The EDS spectra measured for few different precipitates are

also included for reference in Fig. 4. The chemical composition

suggests that some of these precipitates corresponded to

either Ni4Ti3 or some other complex intermediates. Unfortu-

nately, these precipitates could not be indexed by EBSD due to
their smaller size below the spatial resolution of the EBSD. The

SR-XRD did not allow the clear identification of Ni4Ti3 also due

to their fine dispersion and overlapping with peaks of other

phases. It is interesting to note that the remelted sample had a

fine presence of martensite, mainly visible in the grain

boundaries. Available literature on remnant martensite have

shown their presence is largely due to deformation [9] or

thermal cycling [33] without intermediate annealing. The

observation in the present study indicates that the electro-

polishing treatment of the sample at sub-zero temperature

introduced transformation in the specific region. Reversal of

phase transformation led to a small amount of martensite in

the microstructure and local misorientation (microstructural

strain) seen as non-indexed points.

The SR-XRD data for <110> B2 peaks clearly shows a gen-

eral trend of gradual broadening from A to D samples. This

may be assigned to the microstructural evolution from A

(remelted) to B (hot-forged) and, finally C (first cold-forging)

and D (second cold-forging) and correspondingly increasing

structural defects density along this processing path. Also,

along this processing path, it is possible to notice a significant

decrease of the intensity of both Ni4Ti2O and TiC from sam-

ples A to B due to particle cracking during hot deformation. For

samples C and D these peaks from Ni4Ti2O and TiC are even

less evident due to a combination of the continuing defor-

mation cracking of these particles and the increasing amounts

of overlapping broad martensite peaks.

Sample B showed the presence of large grains with

serrated grain boundaries. During hot forging, the pre-existing

grain boundaries elongated along the deformation direction

causing grain boundary serration. A closer look into the

microstructure represented in Fig. 5 also brings out fine grains

https://doi.org/10.1016/j.jmrt.2021.10.008
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of austenite sparsely distributed along these serrated bound-

aries. These grains appear to be dynamically recrystallized.

The point is validated through the IPF triangle notation in the

inset, showing that these fine grains often had a larger

orientation spread than typical recrystallized (static) grains.

More importantly, combinations of hot and cold deforma-

tion with short annealing treatments induced significant dif-

ferences in in-grain misorientation and grain boundary

fractions for both phases, illustrated in Fig. 6aec. Since

martensite had limited volume (area) fractions, it was there-

fore necessary to use relatively “limited” EBSD statistics.

The cold forged-annealed microstructure in sample C was

characterized by several twin-like features which are signa-

tures of cold deformed microstructure illustrated in Fig. 7a. It

appears that the adopted annealing treatment initiated re-

covery of the microstructure to bring back reversibility of

austeniteemartensite phase transformation without

destroying the cold worked microstructure. This point will be
Fig. 7 e Microstructure of the cold forged sample C. (a) Twin-lik

boundary plus band contrast and orientation image maps. Thes

with the surrounding austenite grains. (b) Band contrast map s

seen as dark regions implying large strain accumulation in the b

like bands represented through phase and band contrast map.

high angle misorientation boundaries.
discussed under the transformation behavior in a later sec-

tion. The twin-like bands were seen to be the only source of

HAGBs inside the parent austenite grains. These bands were

seen to run as parallel needles that mainly go through the

parent austenite grains and stop at grain boundaries.

Although these bands comprised bothmediumand high angle

boundaries as shown in the IQ plus grain boundary map in

Fig. 7a, some of these had a (54e56)� <110> orientation rela-

tionship (OR) with the parent austenite grains. The IQ map in

Fig. 7b showed poor contrast around the bands (darker bands)

suggesting that these bands accommodated larger strains in

the grain interior. One or two sets of intersecting parallel

needles can be seen within the parent austenite grains. The

presence of residualmartensite wasmostly visible around the

HAGBs of a single twin-like feature or at the intersection of

two bands, as indicated by the arrowmarks in Fig. 7c. The cold

forging induced certain martensite variants which were

favorably oriented to the straining axis to grow; however,
e bands within parent austenite grains seen through grain

e bands had a (54e56)� <110> orientation relationship (OR)

howing poor band contrast around the twin-like features

ands. (c) Visible retained martensite seen within the twin-

The retained martensite presence was largely seen in the

https://doi.org/10.1016/j.jmrt.2021.10.008
https://doi.org/10.1016/j.jmrt.2021.10.008


Fig. 9 e Differential scanning calorimetry (DSC)

thermograms during (a) cooling and (b) heating for samples

A, B, C and D.
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beyond a certain stress value, the deformation of the

martensite took place under irreversible slip mode. This led to

the creation of certain new variants that could not transform

back to austenite during the reversion process. Thus, the

retained martensite is attributed to the local strain in-

homogeneities, initial microstructure and the applied

stresses.

The regions of a high density of twin-like bands provided

the growth of martensite at the later stages of cold forging.

This point is illustrated in Fig. 8 showing large factions of

visible martensite evenly distributed in the parent austenite.

This could be due to the stabilization of the B190 martensite by

the pinning of the interface by the defects introduced. The OR

measured between the parent-product phases attempted

manually for approximately 20 B2eB190 interfaces were found

to be close to the ORs previously determined between the

twin-like features and the austenite matrix. One may there-

fore speculate this twin-like features as transforming bands.

For a given OR, there remains an axis that is invariant relative

to the transformation. In such a situation, the product lattice

may be described by a rotation angle q about an axis of rota-

tion <uvw>. Depending on the specific OR assumed between

the parent and product lattices, a parent B2 orientation may

be transformed into several corresponding B190 variants. As
stated earlier in this section, any cold forming process in-

troduces plastic deformation in the martensite variants

causing the formation of new variants through a reorientation
Fig. 8 e Phase map of a selected region of sample D

showing martensite (green) and austenite (red) phases.

The OR measured for randomly 20 B2eB19′ interfaces was

found to range between (52e58)� <110>. The observed OR

matches well with the OR established between the twin-

like features and parent austenite grains in sample C. It

suggests that the martensite in sample D resulted from the

transformation of twin like features during the cold forging

step.
process. However, the interfaces of some of these variants

retain the OR with the parent phase but do not transform due

to a large accumulation of defects. The higher GAM value

measured for martensite is consistent with an accumulation

of defects in the structure.

The normalized X-ray spectra corresponding to the prin-

cipal peaks of austenite and martensite are shown in Fig. 3.

The peaks refer to reflections from the lattice planes con-

taining the cylindricalelongitudinal axis. The most isolated

martensite peaks could be indexed, while other peaks have

been suppressed due to “broadening effects” resulting from

partial overlap. The visible changes in the C100D and C111D peak

intensities imply a change in the austenite texture with pro-

gressive deformation and treatment. However, with “limited”

statistics on grain orientations within the scan area of EBSD,

texture (microtexture) measurements were not possible to be

studied in the present research. Some discrepancy was found

between the visible austenite orientations measured by EBSD

versus corresponding indexed austenite peaks in XRD. The

strong appearance of (110) peak of B2 in all samples is likely

due to its higher structure factor. Also, scattering factors for

similar diffracting planes change significantly while moving

from X-rays to electron diffraction leading to differences in

intensities. The IPF map of sample D shows a strong presence

of ND//C111D which is not reflected in the corresponding peak
Table 1 e Phase transformation temperature and
enthalpy for A, B, C and D samples.

Cooling Heating (�C)

Ms (�C) Mp (�C) Mf (�C) As (�C) Ap (�C) Af (�C) DH (J/g)

A 0.7 �10.8 �28.0 �6.4 11.6 30.1 17

B 7.2 �29.4 �59.0 �15.1 9.2 27.5 18

C �16.8 �35.1 �87.6 �16.5 �0.2 8.7 15

D �15.6 �2.6 �36.2 1.7 13.4 20.2 21

https://doi.org/10.1016/j.jmrt.2021.10.008
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Fig. 10 e (a) Martensite start (Ms) and (b) Martensite finish (Mf) temperatures estimated from DSCmeasurements plotted with

high angle boundary (HAGB) fraction for samples A, B, C and D. Ms correlated directly with HAGB, while Mf exhibited an

inverse trend. (c) MseMf and (d) AfeAs transformation intervals also showed direct correlation with HAGB fraction. (e) The

reverse transformation hysteresis, AseMf and GAM exhibited nearly similar trend.
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position in the diffractogram, roughly at 4.7�. This result is due
to peak broadening related to the contributions from B190.

3.2. Phase transformation characteristics

The DSC measurements in terms of transformation enthalpy

and transformation temperature are included in Table 1 for

reference. The results on transformation characteristics for

samples A, B, C and D are illustrated in the DSC plots in Fig. 9.

It was observed in the present study that Ms scaled iden-

tically with HAGB fraction as shown in Fig. 10a. The Ms tem-

perature decreased with the cold forging steps. A decrease in

the Ms temperature implies difficulties in direct trans-

formation. Cold forging introduced significant dislocation

density seen through increased GAM (Fig. 6c). Annealing at

800 �C did not eliminate dislocations but led to the recovery of

microstructures. These dislocations formed substructures

within the grains at the expense of the HAGB. Therefore, a

decrease in the HAGB fractionwas observedwith a concurrent

increase in GAM. There exist several theories for martensite

nucleation and propagation. The most accepted phenome-

nological theory says that transformation of austenite to

martensite phase proceeds with the formation of glissile

dislocation interfaces [34] i.e. periodic arrangement of dislo-

cations in order to minimize the elastic strain energy associ-

ated with the phase interface [35]. The growth of the

martensitic transformed region is determined by the dislo-

cation motion and proceeds as long as the transformation

interface maintains the glissile nature. During the thermal

initiation of martensite in polycrystalline grains, the crystal-

lographic variants of the martensite phases form plate-like

morphologies that grow within an austenite grain to mini-

mize elastic strain energy associated with shape and volume

change. However, the growth is hindered when encountering

a strong barrier, typically high grain boundary, entangled

dislocations (or dislocation substructures), or a previously

formed martensite plate [36]. The fine-grained austenite
microstructure also offers greater hindrance and acts as a

barrier to the growth of martensite plates. In the present

study, the grain size was reduced in successive operations. It

has also been observed in this investigation that the density of

precipitates inside the grain was lower for all samples, so the

internal stress caused by the precipitation of secondary pha-

ses is lower inside the grain than near the boundaries. It is

thus the internal stress that suppresses the martensitic

transformation, which decreases with increasing grain size.

Although the suppression in the Ms temperature was due to

the combined effect of reduced grain size, internal stresses

caused by the precipitates and dislocation substructures, the

present investigationwas consistent with a fraction of HAGBs.

Conversely, the Mf temperature showed a different trend with

the HAGB fraction, see Fig. 10b. More importantly, from a

thermodynamic point of view, the transformation tempera-

ture ranges (MseMf and AfeAs) have a strong dependence on

the friction energy against the migration of the habit plane

and the elastic energy stored by the growth of the martensite

plates. The friction energy opposing the driving force of the

martensite propagation is correlated with the stored energy of

the austenite grains. It is reported that the stored energy of the

austenite grains is a function of the HAGB fraction and the

dislocation distribution. The present results in Fig. 10c suggest

that decreasing HAGBs, increases the mobility of the habit

plane, thereby reducing the friction energy to oppose the

transformation. This is consistent with the lowering ofMseMf

in the last deformation stage. On the other hand, the

increased dislocations density due to cold forging in the B2

phase may have relaxed the stored elastic strain energy of

martensite plates and resulted in the narrowing of reverse

transformation AfeAs peak from hot deformations to cold

deformation stages, see Fig. 10d.

The transformation hysteresis can be ascribed to the dis-

locations introduced during stages of processing. Although

AfeMs did not show any correlation with microstructural pa-

rameters, AseMf clearly showed a good correlation with the

https://doi.org/10.1016/j.jmrt.2021.10.008
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GAM as shown in Fig. 10e. The reverse transformation hys-

teresis corresponds to the energy that is dissipated to over-

come frictional energy work that opposes interfacial

movement during transformation [37,38]. The role of the

dislocation that constitutes the martensiteeaustenite inter-

face is to reduce the internal stress of the martensite variants

at the habit plane, thus relaxing the strains at the interface.

Increase in the dislocation density seen through increased

GAM imposes larger frictional resistance to the habit plane

motion during reverse transformation. This relates to the

decrease in the As�Mf hysteresis (Fig. 10e) and increasing

enthalpy of the reverse transformation (Table 1) with pro-

gressive cold deformation.

The applied thermomechanical process applied may allow

to produce amaterial with a superelastic behavior close to the

oral temperature, which is relevant in dentistry applications,

namely for orthodontic archwires. The Af temperature is the

most important temperature to determine from the clinical

andmanufacturers point of view, because at this temperature

the alloy is stable and exhibits the final adequate shape for the

application that is aimed [39]. Moreover, the microstructure

that is present at room temperature is fundamental to define

their application as a superelastic device.
4. Conclusions

(1) Significantly different microstructures were produced

during each stage of the processing. The microstruc-

tures had large grain size which is characteristic of cast

microstructures, grain boundary serrations, twin-like

bands within austenite grains and mixed-phase distri-

bution of austenite and martensite. All these micro-

structures had direct or indirect effect on the

transformation behavior of the alloy.

(2) The twin-like bands of austenite obeyed a specific

orientation relationship (OR) with the surrounding

austenite matrix in the first cold-forged sample. The

observed OR was (54e56)� <110>. These bands were

identified as transforming bands. An identical OR was

observed between the martensite and austenite in the

second cold-forged sample. It was therefore concluded

that these bands were the first to transform to

martensite in the next cold forging step.

(3) The martensite start and finish temperatures (Ms, Mf)

were well correlated with high angle grain boundary

(HAGB) fractions. While Ms directly related to HAGB

fractions, Mf showed a different trend. The HAGB frac-

tion is also related to the transformation intervals. The

hysteresis for the reverse transformation of martensite

to austenite correlates well with the in-grain

misorientation.

(4) The overall role of the successive hot and cold forging

steps is put in evidence by the decreasing intensity of

the XRD peaks of Ni4Ti2O and TiC (due to decreasing

particle sizes) and the increasing relevance of the

martensite peaks along the processing route.
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