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Abstract: Fe-Mn-Si-Cr-Ni Shape Memory Alloys (SMAs) 

were manufactured from as blended powders (0_MA) and 

powders with 10 % and 20 % particles obtained after 

mechanical alloying (10_MA and 20_MA, respectively). The 

specimens were hot rolled, to increase the compactness 

degree, and solution treated to five different temperatures, 

being finally water quenched, to retain martensitic phases. 

The present study aims to emphasize the influence of: (i) MA 

fraction and (ii) solution treatment temperature on the storage 

modulus and internal friction as a function of temperature and 

amplitude, under constant frequency. For this purpose, 

Dynamic-Mechanical Analyses (DMA) were conducted both 

by temperatures scans and by strain sweeps. During 

temperature scans, the strain was kept constant. Strain sweeps 

were performed, at 3 temperatures (T1=RT, As<T2<A50 and 

T3>A50, where As and A50 are the critical temperatures for the 

start and middle of reverse transformation of martensite to 

austenite). A modulus increase and double internal friction 

maxima were observed on heating and maximum internal 

friction was measured at T2. 

Key words: shape memory alloys, dynamic-mechanical 

analysis, mechanical alloying, heat treatment, martensite. 

 

1. INTRODUCTION 
 

Vibrational damping is caused by energy dissipation 

during mechanical vibrations/ deformations of an 

elastic body, associated with the irreversible 

conversion to thermal energy or to sound (Banks and 

Pinter, 2001). This irreversible conversion of 

mechanical to thermal energy is generally termed 

internal friction (IF) being estimated by a quality 

factor Q representing its reciprocal value: 

 

  Q
-1

 = IF (1) 

 

The global internal friction (Q
-1

tot) spectrum has 

various forms as a function of the thermomechanical 

history of the material and the relative values of 

interface mobility (De Jongue et al., 1976). Its value 

represents the sum of three contributions: (i) Q
-1

Tr - 

transitory term, proportional to the volume fraction 

transformed per unit of time, existing only during 

temperature variation (most important part within the 

frequency range around 1 Hz); (ii) Q
-1

PT - phase 

transition term associated with the phase transition 

itself, at constant temperature, and related to the 

reversible displacement of interfaces; and (iii) Q
-1

Int - 

the intrinsic term that considers damping generated in 

the coexisting phases (Van Humbeeck et al., 1995). 

Determining the values of each term, under specific 

conditions, requires their separation from the internal 

friction spectrum (Perez-Saez et al., 1998). 

In literature, besides internal friction, Q
-1

 is 

designated under various names, such as: loss factor 

(Van Humbeeck et al., 1995), tan φ or tan delta (δ) 

(Van Humbeeck, 2001). The latter originates from the 

ratio between the imaginary and the real parts of the 

complex compliance of a material system, S = S’ 

+i∙S” (Magalas, 2003): 

 

  tan δ = S”/ S’ (2) 

 

The relationship between internal friction and damping 

is expressed by means of the Specific Damping 

Capacity (SDC), representing the percentage ratio 

between dissipated (ΔW) and total consumed energy 

(W) during one loading-unloading mechanical cycle, 

and has the form (Montecinos, (2015): 

 

 SDC = ΔW/ W = 2π∙Q
-1

 (3) 

 

There is no unique damping capacity for one 

material, since it depends on both external 

(temperature, time, frequency, amplitude) and 

internal parameters (material state, grain size, defect 

structure, inter-phase mobility). However, under 

standard conditions, metallic materials have been 

divided into low (SDC < 1 %); medium (SCD = 1-10 

%) and high damping materials (SDC > 10 %). The 

last category was subdivided into 4 types: (i) natural 

composites; (ii) ferromagnetic; (iii) dislocation and 
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(iv) twin or inter-phase boundary (Baik, S. H., 2006). 

In twin or inter-phase boundary type high-damping 

materials, internal friction is caused by the hysteretic 

movement of interfaces during the stress induced 

transformations or the crystalline reorientations of 

metallographic phase variants (Bidaux et al., 1989). 

In the specific case of metallic materials experiencing 

martensite transformation, one of the controlling 

factors of interface movement is the dissipation of 

frictional energy due to the interactions with crystals 

defects (Stoiber et al., 1994) such as precipitates 

(Baik et al., 1997), dislocations (Granato and Lucke, 

1956), stacking faults (Jee et al., 1994) or grain 

boundaries (Jee et al., 1985). 

Aiming to systematically evaluate the mechanism of IF, 

accompanying the reverse martensitic transformation 

from ε hexagonal close-packed (hcp) martensite to γ 

face cantered cubic (fcc) austenite in an Fe-Mn-Si based 

shape memory alloy (SMA), a logarithmic decrement 

maximum (tan δ peak) of almost 0.03, was determined 

which was associated with the motion of Schockley 

partial dislocations (Sato et al., 1988). Later, aiming to 

demonstrate the elevated damping capacity of non-

thermoelastic alloys, a binary Fe-17 wt. %Mn alloy was 

developed, experiencing a SDC = 0.28 (Choi et al., 

1992) which, by means of equation (3), gives an IF 

value of Q
-1
 ≈ 0.044. This performance was further 

increased to SDC ≈ 0.36 (Q
-1
 ≈ 0.057) as an effect of 

cold working (Baik et al., 1995), being associated with 

the maximization of γ/ ε interface surface area (Lee et 

al., 1997). In addition, at high damping materials of 

interphase boundary type, evidence was brought that IF 

strongly depends on interface mobility (Jee et al., 1997). 

Considering the similarities between the mechanism 

of internal friction and that of shape memory effect 

(SME), which both rely on the reverse movement of 

γ/ ε interface (Kajiwara, 1999), intensive studies were 

carried out on the relationship between IF behaviour 

and the stress-induced formation of ε-hcp martensite 

from γ-fcc austenite, in Fe-Mn based SMAs (De, et 

al., 2002). With the development of Fe-Mn-Si based 

SMAs, by addition of Cr and Ni, it has been observed 

that the necessary thickness reduction, to about 1 nm, 

of ε-martensite plates, caused by training (Kajiwara et 

al., 2001) or by the formation of nano-precipitates, 

such as NbC (Sawaguchi et al., 2006a), is 

accompanied by a much more prominent 

enhancement of shape recovery than of damping 

capacity (Sawaguchi. et al., 2006b). 

The elevated IF values observed at Fe-Mn-Si-based 

SMAs have recommended them as base material for 

antiseismic dampers (Sawaguchi et al., 2006c) due to 

the reversible stress-induced formation of ε-hcp 

martensite or of mechanical γ-fcc twins (Sawaguchi 

et al., 2007). 

However, there are still very large differences 

between the IF values reported at binary Fe-17 mass. 

% Mn (tan Φ ≈ 0.083) (Sawaguchi et al., 2008) and 

those currently measured at classical metallurgy-

processed SMAs, such as Fe-Mn-Si-Cr Ni (tan Φ ≈ 

0.033) (Bujoreanu. et al., 2009) or Fe-Mn-Si-C (tan 

Φ ≈ 0.042) (Min et al., 2013). On the other hand, the 

presence of porosity in SMAs was reported as a 

source of damping enhancement (Kothalkar et al., 

2014), associated with marked increases of IF peak 

intensity, of the reverse martensitic transformation, in 

porous materials (Wang et al. 2014). 

For this reason, the present paper focuses on the 

evolution of IF behaviour, evaluated by Dynamic-

Mechanical Analysis (DMA), in the case of powder 

metallurgy (PM) Fe-Mn-Si-Cr-Ni SMAs, while 

considering the possibility to improve their shape 

memory characteristics via heat treatment and 

mechanical alloying (MA) (Söyler et al. 2014). 

 

2. EXPERIMENTAL PROCEDURE 

 

Three groups of parallelepipedal specimens, with 

nominal chemical composition 66Fe-14Mn-6Si-9Cr-

5Ni (mass %), were pressed and sintered under argon 

atmosphere. The first group, 0_MA, was obtained 

from as-blended elemental powders (Pricop et al. 

2012). The second (10_MA) and third (20_MA) 

groups comprised 10 vol. % and 20 vol. % fractions 

of mechanically alloyed (MA) powders, respectively, 

obtained after high energy ball milling under argon 

atmosphere (Söyler et al. 2011) for the duration of 4 

hours, which enabled optimal densification of 

compacted samples (Söyler et al. 2010). In order to 

further increase specimens’ compactness, six 

consecutive hot rolling passes were performed at 

1373 K, without allowing the billets to cool down to 

room temperature (RT), until reaching a thickness of 

1 mm (Pricop et al., 2014). After hot rolling, 

specimens’ densities were measured with an 

electronic scales equipped with a special kit for the 

determination of apparent density: 0_MA – 6.206 g/ 

cm
3
; 10_MA – 6.865 g/ cm

3
 and 20_MA - 7.028 g/ 

cm
3
. The density of the compact Fe-Mn-Si-Cr-Ni 

SMA would be approx. 7.464 g/cm
3
. Therefore the 

alloys under study have the following degrees of 

porosity: 16.85 % for 0_MA; 8.03 % for 10_MA and 

5.94 % for 20_MA. After machining and spark 

erosion cutting, hot-rolled lamellar specimens were 

solution treated at five different temperatures 

between 973, 1073, …, 1373K/ held 300 s and water 

quenched (Spiridon et al., 2013). Since at least 4 

specimens were prepared from each of the 15 

differently processed sets, it follows that more than 

60 specimens were subjected to two kinds of 

experiments: (i) temperature scans and (ii) strain 

sweeps. These experiments were performed by means 

of a dynamic mechanical analyser (DMA) type DMA 

242 Artemis NETZSCH, with force resolution of 
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0.0005 N, amplitude range: ± 0.1 up to 240 μm and 

amplitude resolution: 0.0005 μm. A specimen holder 

type three-point bending was used and a maximum 

static pre-loading force of 12 N. The specimens were 

tested at a constant frequency of 1 Hz, under Ar 

protective atmosphere, using liquid nitrogen cooling. 

 

2.1 Temperature scans 

The first type of DMA experiments comprised 

heating-cooling cycles (temperature scans), from RT 

to 673 K and back to RT, performed, with a 

temperature variation rate of 5 K/ min and amplitude 

of 20 μm (strain amplitude of 0.02). The results were 

recorded as DMA thermograms illustrating the 

variation of storage modulus (E’) and internal friction 

(tan ) as a function of temperature. One typical 

variation of E’ and tan  during heating, at binary Fe-

Mn, is shown in Fig. 1 (Sawaguchi et al., 2008a).  

 

 
Fig.1 Typical schematic DMA thermogram recorded 

during the heating of a Fe-Mn alloy: (a) storage modulus 

variation with temperature; (b) internal friction variation 

with temperature. 

 

Besides As and Af critical temperatures, determined 

by the tangent method (Lohan et al., 2011), there is a 

transformation peak at the critical temperature A50, 

where 50 % martensite transformed to austenite. It 

corresponds to the middle of martensite reversion and 

also to the internal friction peak. 

 

2.2 Strain sweeps 

The second type of DMA experiments were 

isothermal strain sweeps, performed at three different 

temperatures: (i) T1 = RT, (ii) As < T2 < A50 and (iii) 

T3 > A50. Within each strain sweep three bending 

cycles were applied with amplitude varying in 20 

equal steps between 0.1 and 200 μm, (strain 

amplitudes between 0.0001 and 0.2). 

Considering that internal friction is highly sensitive to 

constitutional structures (Chou et al., 2000), XRD 

patterns were recorded on the significance region 2θ 

= 30-100°, using an Expert PRO MPD diffractometer 

with Cu Kα radiation. The corresponding 

crystallographic databases 00-034-0396, 01-071-8285 

and 01-071-8288, were used for the identification of 

the constitutive metallographic phases α’-martensite 

(body centred cubic-bcc), ε-martensite (hcp) and γ-

austenite (fcc), respectively. 

 

3. RESULTS AND DISCUSSION 

 

3.1 DMA during temperature scans 

The first DMA thermograms were recorded during 

one heating-cooling cycle of specimen 0_MA_700 

(heat treated at 973 K). Fig. 2 illustrates the typical 

variations with temperature of storage modulus (E’) 

and internal friction (tan), smoothened with 

PROTEUS software, which controls the functioning 

of DMA device. 

 

 
Fig. 2 DMA thermograms recorded in a heating-cooling 

cycle of 0_MA_700 specimen: (a) variation of storage 

modulus with temperature; (b) variation of internal friction 

with temperature 
 

At Fe-Mn-Si based SMAs, it is well known that the 

presence of internal friction peaks is accompanied by 

modulus defect (Gavrijuk et al., 1998) such as the 

local drop in storage modulus, observed in Fig. 1(a), 

during heating, in the proximity of Af temperature. 

Considering that the modulus of ε phase is higher 

than that of γ phase, a so-called “modulus softening” 

was associated with ε → γ transformation during 

heating (Wan et al., 2006). Between the temperatures 
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of the starting and ending points of modulus 

softening (decrease) on heating and that 

corresponding to the beginning and ending of internal 

friction (tan ) peaks, respectively, there is always a 

discrepancy (Wu et al., 2000).  

For this reason, there is a slight shift in the 

temperature range of modulus decrease, in Fig. 2(a) 

and that of the internal friction peak, in Fig. 2(b). In 

Fig. 2(a) each stage of modulus softening is preceded 

by a hardening stage, as follows: AhBh –hardening 

and BhCh -softening, ChDh –hardening and the 

softening that proceeds beyond Dh. Correspondingly, 

there are a series of local modulus softening-

hardening stages, which occur during cooling. In 

addition, the internal friction peak observed on 

heating has a corresponding tan δ maximum 

occurring on the cooling portion. All these features 

prove that the phenomena are reversible, during 

heating and cooling (Zhou, 2006). Considering: (i) 

the larger amount of thermally induced α’-bcc 

martensite, as compared to ε-hcp martensite, 

observed by XRD in 0_MA_700 specimens (Pricop 

et al., 2014) and (ii) the association of the first 

internal friction peak, observed on heating, to the α’-

bcc → γ-fcc and of the second to the ε-hcp → γ-fcc 

transformations, (Zhou, 2006), it can be assumed that 

the lower tan  peak corresponds to the reversion of 

α’-bcc martensite to γ-fcc austenite and the higher 

one, located at larger temperatures, to the reversion of 

ε-hcp martensite. The former transformation started 

at As
α’

, reached the maximum at A50
α’

 and ended at 

Af
α’

. The latter transformation started at As
ε
, which is 

approximately equal with Af
α’

, reached the maximum 

at A50
ε
 and ended at Af

ε
, not represented in Fig. 2(b). 

The fact that tan  did not reach the same value at the 

end of transformation, as before it, could be an effect 

of the 16.85 % porosity of 0_MA specimens. The 

critical temperatures A50
α’

 and A50
ε
 were determined 

for all of the specimens, together with the increase in 

storage modulus, ΔE’. This modulus increase 

(hardening) and can be associated with the 

antiferromagnetic transition of γ-fcc austenite, 

occurring during heating at Néel temperature (Wu et 

al., 2000), considering that a steep transition occurs, 

from antiferromagnetic to paramagnetic state, being 

accompanied by increases of storage modulus up to 

15 GPa, within 50 K (Bouaziz et al., 2011). 

In order to emphasize the effects of heat treatment 

temperature on the damping behaviour of 0_MA 

specimens, cumulative diagrams are shown in Fig. 3. 

The presence of modulus hardening, ΔE’, in Fig. 3(a) 

and the two internal friction peaks of tan , in Fig. 

3(b), are obvious on most of the diagrams. As 

mentioned, our attention will be focused on the 

storage modulus increasing step and on the first two 

internal friction peaks, observed during heating. 

 
Fig. 3 Cumulative DMA thermograms illustrating the 

effects of heat treatment temperature (given in the inset, in 
0
C), on the behaviour of specimens 0_MA, during heating: 

(a) variation of storage modulus with temperature; (b) 

variation of internal friction with temperature. 

 

It is noticeable that, at the specimens 0_MA_900, 

treated at 1173 K, martensite reversion to austenite is 

negligible. Both modulus hardening and internal friction 

peaks are the smoothest, as compared to the rest of the 

specimens. On the other hand, the behaviour of 

specimen 0_MA_1000, heat treated at 1273 K, 

represents an exception, since martensite reversion to 

austenite occurs at the most elevated temperatures. 

Disregarding these two thermograms, the other 

specimens experienced a tendency of A50
α’
 and A50

ε
 to 

shift to lower values, with the increase of heat treatment 

temperature. Among these specimens, it is obvious that 

0_MA_1100, heat treated at 1373 K, experienced the 

most marked increases of both E’ and tan δ. 

Aiming to further investigate the effects of MA fraction 

on the behaviour of the specimens solution treated at 

1373 K, which caused the lowest transformation 

temperatures, the thermograms of the respective 

specimens were overlapped, as illustrated in Fig. 4. 

Due to the large difference between the absolute 

values of E’ and tan δ, characteristic to 20_MA_1100 

specimens, as compared to the corresponding 

parameters observed at 10_MA_1100 specimens, the 

parameters of the latter reveal very small variations. 

It is obvious that 20_MA_1100 specimens have the 

steepest increases in storage modulus and the largest 

variations on internal friction. 
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Fig. 4 DMA thermograms recorded on the specimens which 

were solution treated at 1373 K, illustrating the effects of MA 

fraction: (a) variation of storage modulus with temperature; 

(b) variation of internal friction with temperature 
 

Thus, modulus hardening reached 6 GPa and tan δ 

first diminished with 0.013 at the end of α’-bcc → γ-

fcc transformation, between A50
α’

 and Af
α’

 and then 

augmented with 0.035, at the beginning of ε-hcp → 

γ-fcc transformation, between As
ε
 and A50

ε
, reaching 

the maximum internal friction value of 0.043. 

A more general view of the effects of both solution 

treatment temperatures and MA fractions on the 

position of the two reverse martensitic 

transformations, A50
α’

 and A50
ε
 and modulus 

hardening, ΔE’, is offered by Fig. 5, which 

summaries the results obtained for 15 specimens. 

From Figs. 5(a) and (b) it is obvious that the increase 

of MA fraction, to 20 vol. %, caused a marked 

tendency, of the two martensite reversions to 

austenite, to shift to lower temperatures. On the other 

hand, ΔE’ reached the largest values at specimens 

20_MA. In addition, the increase of heat treatment 

temperature, from 973, 1073 and finally to 1373 K 

was accompanied by general decreasing tendencies of 

A50
α’

 and A50
ε
, for specimens 0_MA and 10_MA. For 

20_MA a contrary tendency was noticed.  

 

3.2 DMA during isothermal strain sweeps 

During strain sweeps, besides tan δ, the variation of 

dynamic force (Fdyn) was also measured, which 

represents the maximum load applied by the pushrod. 

Strain sweeps were done at three different 

temperatures: (i) T1 = RT, (ii) As
ε
 < T2 < A50

ε
 and (iii) 

T3 > A50
ε
, where internal friction was of interphase-

boundary type but had two different causes. 

 
Fig. 5 Summary of the effects of solution treatment 

temperatures and MA fraction on the variation of 

characteristic parameters of DMA thermograms: (a) A50
α’

; 

(b) A50
ε
 and (c) ΔE’ 

 

The former, occurring at T1 = RT, consisted in the 

movement of interfaces while the latter, occurring at 

T2 and T3, results either from the movement of ε-hcp/ 

γ-fcc multiple interfaces or from the crystalline 

reorientations of ε-hcp/ γ-fcc phases.  

During each of the three strain sweep bending cycles, 

tan δ and Fdyn had different variations with strain 

amplitude, as exemplified in Fig.6, for the specimen 

20_MA_1100, tested at the temperature T2 = 533 K. 

In the first cycle (solid line), Fdyn had lower values 

that increased and stabilized in subsequent cycles, 
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Fig. 6 Isothermal variations at T2 = 533 K of internal 

friction (tan δ) and dynamic force (Fdyn) of specimen 

20_MA_1100, as a function of amplitude 
 

suggesting that the specimen was work hardened by 

dynamical loading. Concomitantly, tan δ experienced a 

large increase, at the beginning of the first cycle and 

became “smoother” in the subsequent ones. Due to 

PROTEUS software limitation, Fdyn never exceeded a 

static threshold of 12 N, corresponding to a dynamic 

force of 8 N, which limited strain amplitude to 0.1. 

In order to reveal the effects of solution treatment 

temperatures and MA fractions, logarithmic coordinates 

were used for both tan δ and Fdyn. In the following, the 

effects of: (i) strain sweep temperature, (ii) heat 

treatment temperature and (iii) MA fraction will be 

analysed based on the variations of average logarithmic 

tan δ and Fdyn with isothermal bending amplitude. 

The effects of strain sweep temperature are 

exemplified by tan δ and Fdyn variations, shown in 

Fig. 7, for three specimens 0_MA_700. 

 

 
Fig. 7 Isothermal variations of average values of internal 

friction (tan δ) and dynamic force (Fdyn) of specimen 

0_MA_700 
 

It appears that, the strain sweep performed at RT = T1 

gave the lowest values of tan δ and the largest of Fdyn, 

within the strain amplitude range below 0.055. The 

lowest values of tan δ and the largest of Fdyn were 

obtained at 11 and 7 specimens, respectively, tested 

at RT = T1. On the other hand, the strain sweeps 

performed at the temperature T2 gave the largest tan δ 

values and the same was noticed for 9 of the 15 

variations under study.  

So, it appears that tan δ variations with amplitude had the 

tendency to develop the lowest values due to the 

movement of the interfaces accompanying stress induced 

formation of martensite and the highest ones due to the 

reversible movement of the multiple martensite/ austenite 

interfaces and crystalline reorientations. 

The effects of heat treatment temperature on 

isothermal logarithmic variation of internal friction 

are exemplified in Fig. 8 which illustrates average tan 

δ vs. strain amplitude for specimens 10_MA tested at 

temperature T2 (As
ε
 < T2 < A50

ε
). 

 

 
Fig. 8 Isothermal variations, at temperature T2 (As

ε
 < T2 < 

A50
ε
), of the average values of internal friction (tan δ) of 

specimen 10_MA 
 

On most of the strain range, the average tan δ 

decreased with increasing heat treatment temperature. 

It appears that the solution treated specimens at 1173 

K have the tendency to experience the lowest tan δ, 

which could be related to the lowest internal friction 

values, observed in Fig. 3, for these specimens.  

The effects of MA fraction are less obvious than those 

of heat treatment temperature because the variation 

curves of tan δ, for different MA fraction, intersect 

each other, during amplitude variation. One typical 

variation is shown in Fig. 9, for specimens heat 

treated at 973 K, when tested at temperature T2 where 

the largest internal friction values were observed.  

 

 
Fig. 9 Isothermal variations of average values of internal 

friction of the specimens heat treated at 937 K and tested at 

the temperature T2, illustrating the effects of MA fraction. 
 

It appears that mechanical alloying caused a rather 

uniform decreasing tendency of internal friction 

while simple powder-blending enabled periodic 

variations of tan δ, between 0.3 and 0.4, in the strain 

amplitude range below 0.09. 
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3.3 Structural analysis 

The XRD patterns of Fig.10 summarize the influence 

of MA fraction on the specimens treated at 1373 K. 

 

 
Fig. 10 Characteristic XRD patterns of the specimens heat 

treated at 1373 K 
 

The amount of thermally induced α’-bcc martensite, had 

an increasing tendency from almost 46 % at 0_MA to 

approx. 50 % at 20_MA, while ε-hcp martensite 

experienced an increasing tendency from 19 to 23 %. 

Quantitative evaluations were performed with respect to 

the non-overlapping XRD maxima, namely: α’(110), 

ε(101), γ(200), α’(200), ε(103), γ(222).  

It appears that the presence of thermally induced α’-bcc 

martensite could be the cause of the reduced value of 

internal friction, both during heating, see Figs. 2 and 3 

and during isothermal strain sweep performed at RT, 

where the largest amounts of α’ can be found. 

 

4. CONCLUSIONS 

 

From the point of view of the transitory term, Q
-1

Tr, which 

characterizes internal friction produced only during 

heating, the following variation tendencies were noticed: 

• the transformation temperatures A50
α’

and A50
ε
, 

characteristic to the reversion to austenite of α’-bcc 

and ε-hcp martensites decreased with the increase of 

heat treatment temperature at the specimens heat 

treated at 973, 1073 and 1373 K; 

• the specimens with largest MA fraction (20 vol. %) 

heat treated at the highest temperature, 1373 K, 

experienced the largest variation of storage modulus 

and internal friction; 

• the increase of MA fraction to 20 vol. % caused a 

shift of A50
α’

and A50
ε
 to lower values. 

From the point of view of the phase transition term, 

Q-1
PT

, which characterizes the internal friction only 

during isothermal strain sweep, being related to the 

reversible displacement of interfaces, the following 

variation tendencies were noticed: 

• the lowest values of tan δ and the highest of Fdyn 

were obtained at RT, where the largest amounts of 

α’-bcc existed; 

• in the thermal range located in the first part of the ε-

hcp → γ-fcc transformation, internal friction had the 

largest values. 
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