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Abstract. The deformation-induced phase transformation hardening phenomenon is 
normally observed in austenitic stainless steels of the AISI 300 series. The amount 
of hardening is limited by the structural stability of the material. In fact, during the 
cold forming process, low nickel austenitic stainless steels can undergo deformation-

induced phase transformation of fcc gamma-austenite to bcc alpha'-martensite. On 

the other hand, by heat treatments, the austenitic structure can be recovered. The 

reversion of martensite to austenite is studied on a set of austenitic stainless steel 

specimens existent at our laboratory. These had been submitted to 63% deformation 

at a temperature of (-70ºC), followed by isochronic, isothermal heat treatments at 

temperatures between 250 and 800ºC. Thus, series of specimens with different phase 

content were available. The reversion of martensite in the specimens is studied by 

optical and electron microscopy, X-ray diffraction, and electromagnetic non 

destructive (ND) methods (Feritscope, permeability evaluation by eddy currents, 

conductivity measurement). The quantification results obtained with different 

techniques a compared, in order to assess the scope of the ND techniques in the 

characterization of rolled stainless steel products. 

1. Introduction  

Within the scope of eddy current (EC) material characterisation, material properties are 

normally inferred from the electrical conductivity of the specimens, which can in turn be 

derived from the probe impedance. This is normally the case for nonferromagnetic 

materials and is the basis for material sorting or for the assessment of impurity content in 

alloys. This has been already applied by the authors for the study of hydride content in 

Zircaloy-4 [1,2,3]. If the property to be assessed produces a change in the magnetic 

permeability of the specimens, a model accounting for this variable is necessary. That is the 

case of evaluating the martensite content in austenitic stainless steels (SS) [4].  

As is well known, in austenitic SS of the 300-series, the martensitic transformation 

can be induced by cold work and can be reversed by heat treatment (HT), the amount of 

reversal being related to the temperature of HT above the AS, the temperature at which the 

transformation of body centered cubic or tetragonal (bcc or bct) alpha martensite to face 

centered cubic (fcc) gamma austenite (α’→γ) starts on heating. The purely martensitic or 
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ferritic steels are ferromagnetic, while the purely austenitic steels are non magnetic. 

Specimens which have not completed their austenisation are two-phase materials and 

present a magnetic behaviour, which decreases as the fraction of γ phase increases for 

higher HT temperatures.   

With new NDT equipment and techniques available at the laboratory, it was decided 

to perform new studies on the stainless steel specimens [5,6]. Some authors [7,8] consider 

that the reversion of α’ martensite to austenite is also a martensitic transformation. Actually 

the reverse austenite (γ’) resembles a martensite structure (fcc martensite), in that it has a 

highly faulted structure as pointed out by Nishiyama [9]. Though both variants (γ and γ’) 
have the same crystal structures (fcc), the reverse martensitic transformation results in a 

significantly different metallographic structure than the solution-treated austenite, if the 

recrystallization temperature of the austenite is higher than the martensite reversion 

temperature. The austenite which is formed by reversal of the martensitic transformation is 

quite imperfect, containing high concentrations of tangled and jogged dislocations with 

interspersed loops. The dislocation densities are about a factor of 10 greater than those 

observed in the retained austenite of transformed specimens [10,11]. The introduction of 

the complex dislocation configurations by the reversed martensitic transformation are 

considered to cause the marked strengthening of austenite subjected to cyclic martensitic 

transformation [12].  

The reverse martensitic transformation has received renewed attention due to the 

possibility to control microstructure, to obtain ultra-fine grain size in austenitic stainless 

steels [13,14], or to produce local areas of austenite in a martensitic structure for good 

formability with a maintained high strength [15].  

The present paper presents a study of the reversion of martensite in a series of 

specimens of 304 SS, which had been submitted to different HT (in the range 250 to 800ºC) 

after cold work. Various techniques: metallography and optical and electronic microscopy, 

magnetic (direct measurements with a Feritscope), conductivity measurements using Van 

der Pauw’s technique, X-ray diffraction (XRD) for the semiquantitative determinations of 

phase content in the specimens and eddy current experiments using impedance analyzers, 

complemented with a model of the eddy current tests for the extraction of specimen 

features.    

The paper is structured as follows: The specimens used throughout are described, as 

well as the different methods for the assessment of martensite. A description of the EC 

model is presented, together with some output illustrating the testing of material with 

relative magnetic permeability μr ≥ 1. The results are then presented and discussed and a 

procedure for the assessment is suggested.  

2. Materials and Methodology   

2.1 Materials  

The specimens used for the present study were prepared by other authors in our laboratory 

[16,17]. These specimens were cut from a sheet of AISI 304 austenitic stainless steel with a 

weight % composition of C 0.07%, Mn 1.17%, Si 0.43%, Ni 9.86%, Cr 18.46%, Mo 

0.60%, Nb 0.015% and Fe (to balance). They were submitted to a one hour initial annealing 

at 1050 ºC in a vacuum and cooled in air. All specimens were subsequently cold rolled 30% 

at –70ºC (200K) in order to induce the α’ phase transformation, producing a maximum 

proportion of martensite for the steel under study. This is the initial condition for the 

studies of the reversion of martensite. The cold-rolled specimens (65 x 30 x 2.3 mm
3
) were 

individually submitted to heat treatments (HT) for the partial recovery of the γ phase. These 
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HT consisted of one hour soaking at different temperatures between 250 and 800ºC (Table 

1). In this way, the austenitic γ phase was partially recovered in different quantities for each 

specimen, thus obtaining series of single-phase or two-phase specimens with different 

martensite content. The transformed fraction (degree of austenisation) increases as a 

function of the HT temperature above As, 100% austenite being obtained when HT 

temperature equalled AF (end of austenisation) [18]. Small sections for metallography (2 

mm in the rolling direction, x-direction, 15 mm in the y-direction and 2.3 mm in the z 

direction, as indicated in Figure 1) were cut from the large specimens.  

 

 

Figure 1. Coordinate axes in the rolled specimens 

2.2 X-Ray Diffraction and Metallography  

2.2.1 XRD 

The amount of martensite in the specimens was determined by XRD in a Philips X'Pert 

PW3710 diffractometer, using Cu Kα radiation. The diffractograms were analysed using the 

Rietveld method. The experimental diffractograms were adjusted with diagrams simulated 

with the PowderCell software [19]. It must be pointed out that the penetration depth of the 

X-rays in the steel specimens is about 5 μm, assuming that 90% of the diffracted intensity 

comes from that layer of the material [20,21]. The phase content was evaluated using the 

intensity ratio of selected lines of both structures. To minimize the effect of texture in the 

rolled specimens, two pairs of lines were selected, (220)γ  and (311)γ  and (200)α  and 

(211)α and a procedure by [22] was used. 

 

2.2.2. Metallography 

In order to observe the three orthogonal planes as indicated in Figure 1, three 

metallographic specimens of each particular HT-specimen were prepared. They were 

labelled R (rolled face, x-y plane); P (x-z plane; a cross-section parallel to the rolling 

direction); C (y-z plane; a cross-section perpendicular to the rolling direction). Each piece 

was embedded in epoxy resin, abraded with emery paper up to mesh 600, polished with 6 μm and 1μm diamond paste on cloth and electropolished at 32 V in an electrolyte 

consisting of 90% butylcellosolve and 10% perchloric acid for 30 seconds at room 

temperature. Electropolishing was made in order to eliminate possible deformation induced 

on the surface layer during the mechanical grinding and polishing [23]. 

Microstructure was revealed by etching in a mixture of 25 ml HCl, 10 ml methanol 

and 7 ml HNO3 [24] for 15 to 90 seconds depending on the specimen. The resulting 

microstructures were observed by optical microscopy (OM) in a BX60M microscope with a 

U-TV0.5XC-3 digital camera (Olympus) and scanning electron microscopy (SEM) in a FEI 

Quanta 200 equipment. Profiles of Vickers 0.1 microhardness was measured on selected 

metallographic specimens with a Leitz equipment.  

 



4 

2.3. Conductivity measurement using van der Pauw’s method  

The evaluation of the electrical conductivity (σ) of specimens having different values of 

magnetic permeability (μ), such as those studied here, is rather difficult using conventional 

(impedance plane) eddy current techniques. Besides, commercially available equipment for 

the direct measurement of σ, such as Sigmascope SMP10-HF, is only fit for non 

ferromagnetic specimens. So a current injection method by van der Pauw [25] was selected 

for the measurements of σ. It is a four-point method which can be applied to the 

measurement of the conductivity of specimens having parallel faces and no holes. Current 

is injected through two points in the specimen; the corresponding voltage drop is measured 

between the other two points. A device satisfying the conditions established in [25] was 

constructed for the experiments. The 15 A current, produced by a direct current Sorensen 

DLM 20-30 source, was used throughout. Voltage drops were measured with a Keithley 

2182 A nanovoltmeter. Room temperature (RT) in the lab varied between 24.6 and 26.3 °C 

during the experiments. This 1.7ºC thermal amplitude accounts for an approximate 0.8% 

variability of the measured σ values, according to the tabulated thermal coefficient of 

resistivity for the steel used. The uncertainty in the σ evaluation is about 4%, as estimated 

from results analysis, considering the contribution of the method itself (values of injected 

current and voltage drop) and the variability due to the thermal amplitude.  

3. NDT techniques  

3.1. Eddy current theoretical model 

Figure 2 shows a section of the axially symmetric system under study. It consists of a 

cylindrical coil above a conductive sheet of thickness d in the axial direction (z in Figure 2) 

and infinite in the radial direction. 

 

Figure 2.  Electromagnetic problem under study 

The analytical solution to the problem in Figure 2 is well established and can be found in 

the literature [26]. Expression (1) is the analytical formula used for the calculation of the 

impedance change TZΔ .
0

T TZ Z ZΔ = −  is the difference between the theoretical coil impedance 

above the conductive specimen ( TZ ) and the theoretical coil impedance in air ( 0Z ): 
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In equation (1), N is the number of turns in the coil; ω  is the angular frequency; 2 2kλ κ= +  

with 2

0rk jωμ μ σ= ; 
1z  is the lift-off (see Fig. 1), and  
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In equation (2) mJ  is the Bessel function of the first kind and order m and nH  is the Struve 

function of order n. Equation (1) is the analytical function used for the fitting of the 

experimentally measured coil impedance, to determine σ in [6]. 

 

3.2. Measurement of the relative magnetic permeability using eddy currents 

3.2.1. Eddy current coil 

A cylindrical coil as illustrated in Figure 2, with nominal parameters 1 (1.0 0.1) mmr = ± , 

2 (2.95 0.06) mmr = ± , 2 1  (2.5 0.1) mmz z− = ±  and 387N =  was made. Coil induction, 0L , was 

evaluated from low frequency impedance measurements of the coil in air. These 

measurements were made with a Solartron SI 1260 impedance analyzer, yielding 
6

0 (373.8 0.6) 10L H−= ± × . For the subsequent experiments, the coil was fixed to the 

specimens with double sided bonding tape, thus providing a lift-off 1  (0.92 0.05) mmz = ± . 

 

3.2.2. Measurement procedure 

The procedure follows the recommendations of ASTM E-1004-09 (2009) as regards edge 

effect, so that the measurements are not affected by specimen size.  

Coil impedances were measured with the impedance analyzer in the frequency 

range from 1 kHz to 1 MHz. As frequency is increased, so are the contributions of electrical 

resistance and non ideal impedance produced by the parasitic capacity of the coil and the 

connectors. The non-ideal effects must be subtracted from the experimental impedance 

differences before they can be compared with the corresponding theoretical ( TZΔ ) values 

calculated using equation (1). The experiments were performed in two steps, by means of a 

logarithmic sweep of ten points per decade in the said frequency range. The non-ideal 

effects were subtracted using the method presented by Harrison et al. [27]. Figure 3 shows 

a sketch of the equivalent circuit of the problem in Figure 2. The non ideal contributions are 

included in the parallel component PZ  (the intrinsic resistance and capacity of the coil; the 

capacity of the cables; and any other contribution). The series component CZ  represents the 

impedance reflected by the conductor.  
 

 

Figure 3. Equivalent circuit. 
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Coil impedance in air ( AZ ) is first measured, and then the impedance of the coil 

coupled to the material ( UZ ). The low frequency range of the AZ measurements is used to 

determine 
0 0 0Z R j Lω= + , PZ  being very small in that range. The admittance 0P AY Y Y= − is 

then calculated. This PY is subtracted from the admittance of the measurements on the 

specimen ( 1 /U UY Z= ) in order to get the corrected impedances: 1/ ( )Corr
U U PZ Y Y= − , and the 

corrected experimental impedance difference:   

0

E Corr
UZ Z ZΔ = −           (3). 

These corrected impedance difference EZΔ values are to be compared with the theoretical 
TZΔ  for the fittings. It is clear from equation (3) and Figure 3 that E

CZ ZΔ = .  

 

3.2.3. Relative permeability assessment 

The permeability of the specimens was determined by means of a non linear least square 

fitting of the corrected experimental measurements E
CZ ZΔ =  and the theoretical impedance 

difference given by equation (1),  
0

T TZ Z ZΔ = − , after normalization, ,E NZΔ  and , .T NZΔ  

Normalized impedances are the quotient between the impedance and the inductive 

reactance of the coil in air ( 0X Lω= ) ,

0/ , ,i N iZ Z L i E TωΔ = Δ =  

In Section 3.2.1., a lift-off value was estimated for all the tests. However, this 

variable, which accounts for the coupling between coil and specimen, has to be determined 

for each particular experiment. Two parameters were considered for the fitting, namely μ  

and 1z . In what follows, Aμ  and Az stand for the permeability and lift-off of a particular 

specimen, determined by the minimization.  

Only the imaginary part of the complex impedance difference was used in the 

definition of the function to be minimized ( 2χ ):   

( ) ( )
2

, ,
31

2

1 2
1

Im( ( )) Im( ( ))
,

E N T N

k k

Z k Z k
z

W
χ μ

=

⎧ ⎫⎡ ⎤Δ − Δ⎪ ⎪⎣ ⎦= ⎨ ⎬⎪ ⎪⎩ ⎭
∑     (4). 

The index k  stands for the frequencies. The weight functions kW  were selected as 

estimators of the standard uncertainty of the corresponding measurements Im( ( ))EZ kΔ [6]. 

The estimators were calculated following the procedure indicated in [6]. Matlab scripts 

were written for equation (1), the minimization of equation (4) and weight calculations.  

 

3.2.4. Refinement of the parameters 

The geometrical parameters ( 1r , 2r  and 2 1z z− ) must be refined, in order to improve the 

accuracy of the calculated permeabilities. For this purpose, the nominal values of the 

geometrical parameters of the coil (Section 3.2) and the conductivity of an arbitrarily 

chosen reference standard with 1rμ =  were used. The refinement was made by calculating 

an equation similar to (4), but written as a function of σ , for different values of the 

geometrical parameters in an interval around their nominal values: 
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,
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k k
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=
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∑  (5) 
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Iteration went on until the adjusted conductivity Aσ  for that standard best approached its 

certified value, 58.3 MS/mrefσ =  (electrolytic copper). The best conductivity approach was 
A 59.0 MS/m,σ =  corresponding to 1 1 mmr = , 2 3 mmr = and 2 1 2.55 mmz z− = . The latter 

parameters were used for the fittings with the different specimens.  For this standard a lift-

off 1 1.053 mmAz = was estimated, slightly higher than the nominal value. This refinement 

procedure can be considered as a single standard calibration.  

4. Results 

4.1 Quantitative and semiquantitative results 

The quantitative and semiquantitative results are presented in Table 1. The first column 

presents the specimen identification, the second column, the temperature of the heat 

treatments for the reversion of martensite, followed by the α’ martensite mass % content 

determined with a Feritscope FMP30 from Fischer (column 3) and by X-ray diffraction 

(column 4). Column 5 contains the values of the relative magnetic permeability as 

determined with the method described in Section 3.2, the sixth, the electrical conductivity 

measured with Van der Pauw’s method and the seventh, the average and standard deviation 

of the Vickers 0.1 microhardness of selected specimens.  

 

Table 1. Summary of results 

Mass % α’ 

Feritscope 

Conductivity 

van der Pauw 

[S/m]  

H V 0.1 Specimen 

id 

Temperature of 

HT [ºC] 

Raw Corr 

Mass % 

α’ (XRD) 

µr 

 

  

1 250       

2 400 66 112 87 32.4 ± 0.8 1.0305·106  

3 450 63 107 87 29.4 ± 0,6 1.0397·106  

4 550 70 119 89 35.6 ± 0.9 1.0634·106 592 ± 50 yz 

5 600    17.3 ± 0.3 1.1418·106  

6 625 32.8 56 60 10.7 ± 0.2 1.2416·106  

7 650 12.2 21 34 2.92 ± 0.03 1.2617·106 514 ± 24 yz 

8 675 11.8 20 34    

9 700 6,8 12 18 1.97 ± 0.02 1.3131·106  

10 750 3.4 6 3 1.42 ± 0.01 1.3255·106  

11 800 0.7 1 2 1.10 ± 0.01 1.4001·106 263 ± 20 xz 

13  45.4 77 70 17.1 ± 0.3 1.1608.106  

15 900 0.12 0.2 3 1.02 ± 0.02 1.3332·106  

 

Column 3 was divided into two subcolumns, in order to show the raw-data (as read 

from the equipment) and the corrected data to indicate martensite content. Magnetic 

properties of δ-ferrite being rather different from those of martensite, Feritscope readings 

should be calibrated to account for these differences [28,29]. The detailed study of 

martensite measurement methods by [28] show that Feritscope readings above 50 should be 

discarded and that all lower readings should be multiplied by a factor 1.7 to account for true 

martensite content as determined by other methods [29]. Thus, the readings for specimens 1 

to 4 should be discarded, all the other corrected values may be compared to the XRD  α’-

values. 

The full XRD diagrams were analysed to identify the phases. In all of them it was 

possible to identify the peaks of α’ (bcc) martensite, γ (fcc) austenite and very low intensity 
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peaks which might be attributed to chromium carbides or some other phase in a minor 

proportion. The experimental fit of the data was made with diffractograms simulated with 

the PowderCell Software [19]. Figure 4 presents the diffractograms of specimens 4, 7, 9, 11 

and 13. They have been indexed and put in only one figure for the sake of comparison. The 

intensity of the peaks of the fcc structure increases with the temperature of HT, clearly 

showing the reversion of martensite. 

 

 

Figure 4. XRD diagrams of specimens 4, 7, 9, 11 and 13. Integrated intensities of lines α(200), α(211), γ(220) and γ(311) were 

used for phase content calculation.  

Figure 5 shows the relative permeability and electrical conductivity (measured at 

room temperature) of the specimens as a function of the temperature of the HT they were 

submitted to. 

 

Figure 5. Relative permeability and electrical conductivity of HT specimens, at RT. 

 

Figure 5 clearly shows that the reversion of martensite (the α’→γ’ transformation) 

takes place in the temperature range 550ºC to 700ºC. The curve of the RT electrical 

conductivity vs temperature of HT presents two different slopes in the reversion 2-phase 

field. The corrected Feritscope-results and the XRD are in good agreement for the 

specimens in which the reversion of martensite has begun. Vickers hardness results reflect 

quite well the softening of the material as the phase transformation proceeds. 
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4.2. Metallography 

Results of metallographic analysis of some of the specimens are shown below. The 

evolution of the microstructure as the reversion transformation takes place is clearly 

observed in the four SEM images from specimens 4, 7, 9 and 11 (treated for one hour at 

550, 650, 700 and 800ºC respectively) in Figure 6. They correspond to the yz or xz cross-

sections of the specimens. Figure 7 presents optical micrographs of specimens 9 and 13.  

 

 

Figure 6. SEM images of HT-specimens: a) 4-yz (550ºC); b) 7-xz (650ºC); c) 9-yz (700ºC); d) 11-xz (800ºC). 12000X. The 

structure evolves from needle (4-yz) to lath martensite, deformation bands and elongated austenite grains following the rolling 

direction (7-xz), more visible in (9-yz) to recrystallized austenite grains in a matrix of deformed γ or γ’ (11-xz)  

Figure 7. Optical micrographs of specimens a) 9-xy (700ºC) and b) 13-yz. The rolled surface (9-xy) is highly deformed. A 2-

phase α’ γ’ structure can be observed, where austenite grows in the rolled-deformed parent structure.  
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5. Discussion  

The reversion of martensite was studied using different techniques, macroscopic and 

microscopic, ranging from a typical NDT test using a commercial equipment, a more 

sophisticated electromagnetic technique involving a model for the extraction of specimen 

features, to typical laboratory techniques such as XRD, van der Pauw’s, microhardness and 

metallography. The results presented above show that all of them contribute to the 

description of the HT material. Data from XRD and Feritscope indicate that the reversion is 

active in the specimen treated at 600ºC while the specimen treated at 800ºC is almost fully 

austenitic. There is good agreement between XRD mass phase percentages and the 

corrected Feritscope results (if readings in the latter are less than 50) [28,30]. With the 

values of relative permeabilities determined by eddy currents and the model, a curve for the 

evolution of the phase transformation was constructed. This shows that reversion is already 

active at 550ºC, and has finished at 800ºC. Thus, AS and AF for our particular 304 would lie 

somewhere near 500ºC and 800ºC respectively, within experimental errors, concerning true 

temperatures of HT and phase detection limits for the different techniques.  Moreover, 

inspection of the results for specimen 13 (α’ content and μr value) would indicate that this 

specimen received a HT at about 600ºC. 

Micrographs of the cross-sections show α’ lath martensite in number 4 specimen. In 

the specimen 7, treated at 650ºC, austenite grains elongated in the rolling direction, with a 

morphology inherited from the lath martensite can be observed. A similar structure can be 

seen in specimen 9 (700ºC), however, some γ-allotriomorphs delineating grain boundaries 

are visible amid the block-martensite structure. In specimen 11 (800ºC) recrystallization of 

the γ-phase has started: some grains of irregular shape, but with sizes between 1.5 and 6.5 

microns can be seen in a needle like matrix. Because this specimen is almost fully 

austenitic, it can be inferred that the matrix is the γ’ fcc martensite reported by [7,8,9]. The 

microstructure of the reversed martensite is very different from the original annealed alloy.  

As already mentioned in Section 4.1, the curve of the RT electrical conductivity vs. 

temperature of HT in Figure 5 presents two different slopes in the reversion 2-phase field, 

namely from 550 to 625ºC and from 650 to 700ºC. This change in slope might indicate that 

two different mechanisms could be present in the bct-martensite reversion to fcc-austenite. 

This is consistent with calorimetric studies by [7] and it has been reported that the reversion 

consists of successive diffusion and shear transformations [7,8,15], depending on the 

temperature and the time for heat treatment. The diffusion transformation proceeds by 

nucleation and growth of austenite grains from the original martensite grains and is active 

over a relatively large temperature range; the rate of transformation is higher at elevated 

temperatures. It has been reported to start at about 400°C [30]. On the other hand, the shear 

transformation is diffusionless and is activated at 600ºC. In the present case, the diffusion 

reversion could start at 550ºC and the shear reversion at 650ºC. Inspection of the XRD, 

Feritscope and relative permeability data in Table 1 shows a very important change in the 

corresponding values for HT temperature between 625 and 650ºC. On the other hand, at 

800ºC the reversion is almost complete, but the HT was not long enough for the completion 

of recrystallization. 

The amount of cold work is important for the diffusion reversion from α’-

martensite to austenite [30], because the dislocation cell type martensite will generate more 

nucleation sites for austenite and is favourable when a small austenitic grain size is desired. 

Actually the practical importance of studying the reversion of martensite and its possible 

mechanisms resides in the capability of controlling the final microstructure of steels. 
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6. Conclusions 

-Techniques recently available in the lab were used to improve former results on specimens 

of metastable 304 austenitic stainless steel. Traditional techniques were also used. 

-Reversion of martensite was studied with XRD, Feritscope, metallography, eddy-currents 

plus a model (magnetic permeability), electrical conductivity (van der Pauw) and 

Vickers microhardness. 

-The phase transformation process could be studied at RT using specimens which had been 

submitted to reversion HT using all of the above mentioned methods.   

-The conductivity curve showed a two-stage reversion process. 

-The metallographic studies showed the deformed faulty structure of the fcc’ phase. 

-Full reversion to austenite was not achieved with the 1 hour HT at any temperature 

reported here.  
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