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A B S T R A C T

An original feature of this work is the proposal of two equations to fit the volume fraction of ferromagnetic
(α+ α′) phases that can be applied in the measurement of magnetic saturation of comminuted duplex and
superduplex stainless steels (for example, powders or filed chips). Duplex stainless steels contain similar volume
fractions of austenite (γ) and ferrite (α) in their microstructure. Two steels exemplify this class, namely the most
widely used duplex UNS S31803 and superduplex UNS S32520 stainless steels. The phenomena of work hard-
ening, formation, and reversion of strain-induced martensite (α′) in austenite were compared in both stainless
steels. Samples were work-hardened and annealed under identical conditions, and their behavior was evaluated
mainly through X-ray diffraction and magnetic measurements. Notably, the volume fraction of strain-induced α′
in duplex stainless steel was as high as 32%, which indicated that this steel had a greater tendency to form α′
than superduplex stainless steel, for which the corresponding value equaled 15%. Annealing at 650 °C for 2 h
promoted the reversion of strain-induced α′ into γ, decreasing the volume fraction of the former phase from 32 to
2% (duplex) and from 15 to 6% (superduplex).

1. Introduction

Wrought duplex stainless steels (DSS) present equivalent volume
fractions of ferrite (α) and austenite (γ) in their microstructure lamellae
or alternate plates. The presence of α and γ in the microstructure of the
DSS assures that this class of steels has an attractive combination of
properties. In a DSS, the yield strength is practically twice the yield
strength of the typical ferritic and austenitic stainless steels. Another
favorable characteristic of the DSS is its excellent corrosion resistance
because of the presence of chromium, molybdenum, and nitrogen in
high concentrations. Steels having a duplex microstructure exhibit a
favorable combination of mechanical strength and chemical resistance,
finding varying applications mainly geared toward chemically ag-
gressive environments [1–3]. Both α and γ phases of DSS exhibit
characteristics and behaviors that are quite different from each other
during straining. The body-centered cubic (BCC) α has high stacking-

fault energy (SFE) and is not susceptible to strain-induced phase
transformations, thereby exhibiting a much lower strain hardening
exponent. The face-centered cubic γ, with a lower SFE than α, is sus-
ceptible to strain-induced phase transformations and exhibits higher
strain hardening during cold work. For example, the SFE of austenitic
stainless steels types AISI 304L and 316L is in the order of 15–18 and
25–64mJ/m2, respectively [4–13]. In these austenitic stainless steels,
particularly in AISI 304L, there is a significant formation of strain-in-
duced martensite (SIM-α′).

SIM-α′ is a very fine phase that can be visualized by optical or
scanning electron microscopy [14–16]. However, finer details are dif-
ficult to detect without the use of larger magnifications, and hence, the
use of transmission electron microscopy is necessitated [17]. On the
other hand, the BCC lattice of SIM-α′ is identical to that of α, and both
SIM-α′ and α are ferromagnetic. Therefore, the SIM-α′ of austenitic
stainless steels is easily detected and quantified by X-ray diffraction
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(XRD) because several peaks appear with same the lattice parameters of
α during straining; however, these peaks are absent prior to work
hardening. Therefore, it is possible to perform phase quantification by
considering the relative areas measured under the peaks [18]. In the
case of the DSS, the detection and quantification of SIM-α′ is relatively
difficult because of the presence of α. Still, the direct comparison
method provides high accuracy, because changes in the intensity of
peaks due to phase formation during work hardening and reversion
during heat treatment can be compared. Thus, the differences in the
peak intensity from strained to the heat-treated material can be at-
tributed to the presence of SIM-α′. An alternative approach to detect
SIM-α′ is through magnetic measurements, as the presence of SIM-α′
increases magnetic saturation once the material is exposed to an ex-
ternal applied field, as in the case of vibrating sample magnetometry
(VSM) [19–23].

The transformation of γ into SIM-α′ has been extensively studied in
both the austenitic stainless steels and in the DSS grades. For example,
some studies have described the transformation of γ into SIM-α′ as
function of thickness reduction by cold rolling degrees in DSS
[20,23–26]. In addition, in a lean DSS, which has low nitrogen con-
tent—and therefore, a highly metastable austenite—the complete
transformation of austenite into SIM-α′ has already been reported [23].
In other works, the behavior can be described as an exponential func-
tion [20] or a sigmoidal function [24], having transformation satura-
tion close to 30%; alternatively, the behavior can be described as
polynomial with lower saturation of transformation, close to 10%
[25,26].

The reversion of SIM-α into γ has also been the subject of several
studies since the 1990s [27,28] and has continued to be a topic of in-
terest [29–35]. For example, in lean DSS type, reversion was still as-
sociated as an important parameter on the material’s grain refinement
[36]. However, there is insufficient data and understanding on SIM-α′
formation and its reversion in DSS. Therefore, the present work at-
tempts to study the partial transformation of γ into SIM-α′ by means of
XRD and magnetic saturation measurements for two DSS. In addition,
this work also attempts to study the reversion of SIM-α′ into γ caused by
annealing.

2. Materials

The chemical compositions of UNS S31803 DSS and UNS S32520
superduplex (SDSS) steels utilized in this study are listed in Table 1.

2.1. Preliminary characterization

The samples were received in the solution-annealed condition,
which were initially characterized using optical microscopy techniques,
quantitative stereology (measurement of volume fraction and grain
size), scanning electron microscopy, and energy dispersive spectro-
scopy. The samples were polished and etched using the Beraha solution
(20mL HCl, 80mL H2O and 0.3 g of potassium metabisulfite), which
were used in the stereological evaluations conducted using optical
microscopy. In addition, thermal etching using a liquefied petroleum

gas (LPG) flame for 1min was used to enhance the phase contrast.

2.2. Stacking fault energy (SFE)

The SFE evaluation, which is based on the chemical composition of
the steel, can be performed using several equations reported in litera-
ture [4,37–39]. It is worth pointing out that most of these equations
were developed to evaluate austenitic stainless steels and hence the
results of SFE evaluation for DSS austenites may be inaccurate [26].
Among them, some SFEs (mJ/m2) are given by:

= − + + +

+

Schramm and Reed [4, 37] 53 6.2(%Ni) 0.7(%Cr) 3.2(%Mn)

9.3(%Mo) (1)

= + +

+ −

Rhodes and Thompson [37, 38] 1.2 1.4(%Ni) 0.6(%Cr)

17.7(%Mn) 44.7(%Si) (2)

= + + − −

− −

Pickering [37, 39] 25.7 2(%Ni) 410(%C) 0.9(%Cr) 77(%N)

13(%Si) 1.2(%Mn) (3)

2.3. Straining, annealing, and characterization of particles

After initial characterization, each steel sample was filed to obtain
fine chips. Filing was done carefully to avoid heating [4]. It should be
noted that comminution via filing has three objectives—to minimize
the strong crystallographic texture normally present in the DSS
[21,36,40], to introduce a large number of crystalline defects through
random distribution of chips during XRD measurements (and con-
sidering them as a powder), and to obtain the SIM-α′ [4,41–46]. In
addition, a complementary analysis of particle size and particle size
distribution was performed by using Malvern Mastersizer 2000.

After hand filing, a fraction of the chips was encapsulated under
vacuum and annealed for 2 h in order to evaluate the SIM-α′ reversion.
Two temperatures were used, namely 600 and 650 °C, based on the
temperature range recommended in literature [27,28,31,47]. The dif-
ference between the values of stereology and XRD—which is discussed
in the next section—for the α volume fraction can be attributed to SIM-
α′ formation during filing [4]. Thus, the effects of annealing could also
be evaluated. Therefore, the following equation can be used to evaluate
the total volume fraction of martensite (α′) in the material:

′ = + ′ −α α α αTotal of BCC ( by XRD) initial ferrite ( by stereology) (4)

The related sample treatment conditions are listed in Table 2.

2.4. XRD analysis

The characterization of the work hardened and annealed chips was
performed mainly by using XRD, in a Rigaku diffractometer using Cu
radiation (λ=0.15408 nm). The fine chips filed were considered as a
powder (random distribution), without strong crystallographic texture.
This allowed us to carry out precise measurements of quantitative
analyses by using XRD. It is important to emphasize that α and SIM-α′
have the same lattice parameters; therefore, both phases diffract X-rays
in the same position. This implies that the peak area obtained is a sum
of both contributions. The volume fraction of γ and α plus SIM-α′Table 1

Chemical composition (mass%) of the two types of duplex stainless steel used in
this work (balance is Fe).

UNS S31803 (DSS)
C Si Mn P S Cr Ni Mo Cu N

0.0234 0.278 1.797 0.0374 0.0010 22.52 5.54 3.246 0.148 0.157

UNS S32520 (SDSS)

C Si Mn P S Cr Ni Mo Cu N
0.0236 0.295 0.867 0.0464 0.0004 24.90 6.50 4.044 1.399 0.218

Table 2
Conditions used to treat DSS (A) and SDSS (B) samples.

Condition Samples

A (duplex DSS) B (superduplex SDSS)

Work hardened A1 B1
Annealed 600 °C/2 h A2 B2
Annealed 650 °C/2 h A3 B3
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(α+ α′) phases can be calculated using the following equations [18]:

=I I R c R c/ / ,α γ α α γ γ (5)

= + −R v F m θ θ θ e μ1/ [| | (1 cos /sin cos )]( /2 ),α γ
M

,
2 2 2 2 2 (6)

+ =C C 1.α λ (7)

The volume fraction and additional parameters of γ and α plus SIM-
α′ (α+ α′) phases was determined by the Rietveld method based on the
above considerations. Rietveld refinement was performed using GSAS
software [48] by inputting the adequate phase crystallographic in-
formation files (cif), instrumental parameters, and diffraction data. The
“goodness of fit” (GoF) or Chi-square (χ2) of the parameter values was
followed by graphical comparison, which is a valid and recognized
refinement criterion [48,49]. The χ2 GoF parameter was calculated
using the following equation:

=χ R R[ / ] ,2
wp exp

2 (8)

where Rwp is related to the observed intensity in diffractogram, and Rexp

is related to the expected intensity calculated from the pattern
[18,48,49]. The refinement was considered good when χ2 attained
values as close as possible to unity [48,49].

2.5. VSM measurements

A complementary magnetic saturation experiment was performed
using a VSM machine (Lake Shore, model 7400 VSM) [20,21,50], to
estimate the volume fraction of the ferromagnetic (α+ α′) phases. Eq.
(9) was used for DSS [20,21,50] and Eq. (10) was used for SDSS [51]:

=C α M s( )% _ /133, (9)

=C α M s( )% _ /128, (10)

where M_s (emu/g) is the outcome of magnetic saturation measurement
(emu/g), and values of 133 and 128 emu/g are the intrinsic magnetic
saturations of DSS [20,21,50] and SDSS [51], respectively.

2.6. Equations for analysis of fine chips by VSM measurements

The volume fractions measured by XRD were assumed to be the
most accurate measurements for the chip condition. Thus, for each
steel, it was possible to organize the values obtained by XRD on the y-
axis and the values calculated from the magnetic saturation measure-
ments on the x-axis. For this method, a pair of values was taken for each
steel and arranged in ascending order of y. Further, the results were
extrapolated, 100% was adopted as a point of convergence among the
techniques.

Subsequently, two new equations were developed to replace equa-
tions (9) and (10) in the analysis of fine chips by VSM in duplex and
superduplex stainless steels, respectively.

3. Results and discussion

3.1. Preliminary results

The microstructures of the as-received materials in the solution
annealed condition were identical and represented lamellae or alternate
plates of α and γ, with elongated grains originated from processing.
This morphology is typical of rolled DSS sheets and can be justified by
the lower interfacial energy (γ/α) when compared to the grain
boundary energies of (α/α) and (γ/γ). Fig. 1 shows 3D optical micro-
graph image the UNS S31803 DSS, where the sample was etched by
heating using an LPG flame (about 1min. on each face).

The quantities of both phases (α and γ) in the sheet (in the initial
solution annealed condition) were assessed. Both phases in the sheet
were evaluated using the grid method according to the ASTM E 562
[52] along the three surfaces: longitudinal, transversal, and on the

rolling surface. The XRD method was discarded because of the strong
crystallographic texture of the sheets [21,40]. Moreover, the grain size
was assessed according to the ASTM E 112 [53] standard. These pro-
cedures were performed for both steels (DSS and SDSS). The stereology
measurements of as-received UNS S31803 DSS gave a 44 ± 4% ferrite
volume fraction and a grain size of 25 μm of ferrite and austenite. In the
UNS S32520 SDSS, the ferrite volume fraction was 45 ± 4% and grain
sizes of ferrite and austenite were 35 and 34 μm, respectively. The
partition of elements was assessed for both phases of the two stainless
steels by using energy dispersive spectroscopy (EDS), as listed in
Table 3. As expected, α was richer in chrome and molybdenum,
whereas γ had higher nickel content. Partition coefficients observed in
this work were in reasonable agreement with those in the literature
[24].

3.2. SFE values from literature equations

Table 4 lists the SFE values, which were derived based on equations
(1)–(3) and taking into account the global chemical composition and
austenite chemical composition of duplex and superduplex steels esti-
mated by EDS analysis.

The SFE calculated using equations (1)–(3) diverged greatly from
each other. For example, Schramm’s and Rhodes’ equations resulted in
very high values of SFE for both steels and appear to be unrealistic, as
already reported before [26]. Pickering’s equation results in values of

Fig. 1. Optical microscopy composition along three dimensions of the UNS
S31803 duplex stainless steel.

Table 3
Mass contents (%) of the elements in α and γ, partitioning of the elements in the
two phases (α/γ), determined through energy dispersive analysis of the DSS and
SDSS.

Element Duplex (DSS) Superduplex (SDSS) Partition α/γ
obtained from Ref.
[24]

Mass (%) Mass (%)

α γ α/γ α γ α/γ

Fe 66.59 68.97 0.97 63.16 64.27 0.98 0.97
Cr 23.68 21.7 1.09 27.3 24.44 1.12 1.17
Ni 4.44 6.93 0.64 5.31 8.39 0.63 0.61
Mo 3.6 2.44 1.48 4.22 2.91 1.45 1.59
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8–19 and 4–19mJ/m2 for DSS and SDSS, respectively. These ranges of
values were generated by an approach similar to that used for calcu-
lating the SFE, namely by using the global composition of steels or the
composition of austenite estimated by EDS. In both cases, the values
seem plausible, and do not differ significantly from those determined by
TEM (10mJ/m2) [24]. Even though the equations have been developed
for austenitic stainless steels, the Pickering equation seems provide
reasonable values for duplex grade steels, and appears to be more
realistic than the values obtained using other equations.

It is reported in literature that SFE is a very important parameter in
the determining the mechanism of plastic deformation. This parameter
can be restrictive in the martensitic transformation. The value of
18mJ/m2 is reported as limit for the martensitic transformation; below
this limit, the transformation occurs and above it, transformation does
not occur. As the values estimated in the present work are in agreement
with this value, the martensitic transformation is expected to occur in
both steels [54].

3.3. Considerations for hand filing straining and particle size results

Manual filing has been reported as capable of introducing high le-
vels of crystalline defects in several materials [4,41–46] as well as
producing large amounts of SIM-α′ in a single step [4]. However, as
regards the degree of deformation, it is still regarded as an undefined
control method. Despite of this challenge, the saturation values on the
formation of the SIM-α′ found in this work were in agreement with the
results of other published works. Fig. 2, illustrates an adaptation by
plotting the values found in this work and from the literature
[20,24–26]. As the deformation degree of the filing is undefined, the x-
axis of the graph was marked with “??”.

A summary of the particle size and size distribution of the filing
chips for DSS and SDSS are listed in Table 5. Particle size distribution
was performed using Malvern Mastersizer 2000.

From Table 5, for D10, we can see that 10% of particles are below
69 μm for duplex and 76 μm for superduplex. Similar reasoning can be
followed for D50 and D90, giving values of size distribution. The
average particles size of duplex stainless steel filing chips is 198 μm

while that for the superduplex is 219 μm. In practice, the filing chips for
both steels have very close average and distribution sizes.

3.4. Effects of straining and annealing on the X-ray diffraction results

Fig. 3A and B show the effects of work hardening via hand filing and
subsequent annealing for DSS and SDSS, respectively, in terms of the
XRD results. The conditions of each sample are listed in Table 2, and
they are marked on the diffractogram. Lines of α and γ phase diffraction
are also marked on the figure.

For both steels in the work hardened condition, the peaks of the BCC
(α+SIM-α′) phases have higher relative intensity than those in the
annealed condition at 600 and 650 °C. This intensity increase corre-
sponds to the formation of SIM-α′.

The quantitative analysis, which was performed using Rietveld re-
finement on the GSAS software [48], takes into account the relative
height and width of the peaks [18]. The volume fraction of BCC
(α+SIM-α′) and lattice parameters of the phases are listed in Table 6.
The formed and reversed quantities were assessed according to equa-
tion (4), taking into account the XRD results and the presence of α in
the initial material, as observed through stereology.

The reversion of the SIM-α′ phase into γ due to annealing performed
at 600 and 650 °C for 2 h in both steels can be observed clearly. Taking
into account the calculated values through the quantitative stereology
as the reference, both steels presented an incomplete reversion, leaving
behind a residual fraction of 2% of SIM-α′ for DSS and 6% of SIM-α′ for
SDSS.

Summarizing the results, the amount of BCC phase observed in SDSS
chips obtained through hand filing was smaller than that in DSS. This
may be attributed to the smaller amount of interstitial nitrogen present
in the DSS (strong austenite stabilizer), which renders the austenite of
these steels more metastable [55–60]. The same effect is observed with
DSS, which has low nitrogen content, and its austenite is highly me-
tastable and can be fully transformed into SIM-α′ during straining [23].

3.5. Magnetic measurements results

Fig. 4A (UNS S31803 DSS) and 4B (UNS S32520 SDSS) show the
magnetic saturation tests, which were conducted on the as-received,
work-hardened, and annealed steels for 2 h at 600 and 650 °C.

The magnetic saturation values and the amount of ferromagnetic
BCC (α+ α′) phases were calculated using equation (9) and (10), for
duplex and superduplex steel, respectively. As described in Table 7, the
quantification of ferromagnetic (α+ α′) phases for both steels per-
formed by magnetic saturation method was compared with those ob-
tained by stereology for the as-received material and XRD method for
the filed chips. It was observed that the BCC phase values obtained

Table 4
SFE values calculated from different equations present in literature, by using global composition and austenite composition for both steels.

Method (equation) Material

Duplex SFE (mJ/m2) Superduplex SFE (mJ/m2)
Global composition Austenite composition Global composition Austenite composition

Schramm and Reed [4,37] 33 41 45 55
Rhodes and Thompson [37,38] 42 57 27 43
Pickering [37,39] 8 19 4 19

Fig. 2. Adaptation of SIM-α′ vs. % straining by cold rolling from literature
[20,24–26] and results obtained in present work by filing.

Table 5
Particle size and size distribution for DSS and SDSS.

Material D10 (μm) D50 (μm) D90 (μm) Average size (μm)

Duplex 69 169 374 198
Superduplex 76 190 410 219
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using the VSM values for the initial sheet are in agreement with
quantitative stereology measurements for both steels. The volume
fraction values of magnetic phase (α+ α′) from filed and heat-treated
chips showed apparently systematic discrepancies between the XRD
and magnetic saturation methods for both steels.

The magnetic saturation tests resulted in smaller magnetic phase
fraction (α+ α′) than the fractions calculated using the XRD analyses.
Some studies have shown that powdered materials have lower magnetic
saturation than bulk materials. This is because with decreasing particle
size, the surface to volume ratio increases, resulting in lower magnetic
saturation [61,62]. Although these reports suggest a different class of
materials, apparently, filed chips were affected by the same phe-
nomena; hence, the quantification may be underestimated.

Although the values obtained using the two methods do not match
exactly, it is possible to observe a consistent correlation between the
two methods.

3.6. Equations to fit the magnetic saturation method for comminuted duplex
and superduplex stainless steels

Fig. 5A (for duplex) and B (for superduplex) show two graphs,
which are obtained by plotting the values listed in Table 7. As men-
tioned earlier, the volume fraction obtained by magnetic saturation can
be underestimated because of particle size [61,62]. Moreover, a

Fig. 3. X-ray diffraction patterns of chips produced by hand filing, work hardened, and annealing for (A) duplex UNS S31803 and (B) superduplex UNS S32520.
Radiation: Cu Kα.

Table 6
Lattice parameters of the phases and volume fractions after refinement. The
goodness of fit (χ2) parameter is listed for each sample.

Sample Parameters GoF

lattice γ
(nm)

lattice α
(nm)

Total Vv
α (%)

Total Vv
γ (%)

Initial α
(%)

SIM-α′
(%)

χ2

A1 0.361 0.288 76 24 44 32 1.15
A2 0.361 0.288 69 31 44 25 1.50
A3 0.360 0.288 46 54 44 2 1.37
B1 0.362 0.288 60 40 45 15 1.11
B2 0.362 0.288 56 44 45 11 1.16
B3 0.361 0.288 51 49 45 6 1.19

Fig. 4. Results of magnetic measurements for (A) UNS S31803 DSS and (B) UNS S32520 SDSS chips obtained through filing and annealed at 600 and 650 °C for 2 h.
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sigmoidal correlation was observed between both methods for each
steel. Moreover, it was possible to fit the magnetic saturation mea-
surements by adapting some equations in literature, to be used for
comminuted DSS [20,21,50] (equation (11)), and for SDSS [51]
(equation (12)), by the corrections given below:

= + −

× × −

C α corr

M s M si

_ (%) (102.30)/((1 exp(( 0.11536)

((100 ( _ / _ )) 46.95)), (11)

= + −

× × −

C α corr

M s M si

_ (%) (102.08)/((1 exp(( 0.06516)

((100 ( _ / _ )) 40.51)), (12)

where M_s is the outcome of a magnetic saturation measurement (emu/
g), and M_si is the intrinsic magnetic saturation of a given material
(emu/g; 133 emu/g for DSS [20,21,50] and 128 emu/g for SDSS [51]).
The volume fraction of ferromagnetic BCC (α+ α′) phases of filed DSS
and SDSS chips, and their fitted values obtained using correction given
by equations (11) and (12), respectively, are listed in Table 8.

Eq. (11) was verified using the magnetic saturation values of DSS
powders available in literature [19,50] and was found to be consistent,
as evidenced in Supplementary material 1.

The values of the magnetic saturation measurement method, fitted
by equations (11) and (12) to estimate ferromagnetic (α+ α′) phase
volume fraction, are closer to XRD values and do not deviate by more
than 2%. A phase transformation may be detected via the annealing of

the strained chip because of a decrease in the magnetic saturation va-
lues [20–23,50]. This decrease can be attributed to the SIM-α′ reversion
in austenite; this observed decrease is higher for the heat treatment for
2 h at 650 °C than for 600 °C in both cases.

4. Conclusions

In this work, we undertook a comparative study on the forming and
reversion of strain-induced martensite in two duplex stainless steels,
which led to the development of two fit equations. It was realized that
one of them should be used for DSS and the other for SDSS. These
equations were developed to fit the values of the magnetic saturation
method, by taking into account the measurements of the filed chips/
powder (comminuted DSS grades). Through X-ray and magnetic sa-
turation measurements, it was observed that the hand filing method led
to the transformation of austenite into strain-induced martensite in
both steels. However, the studied duplex stainless steel presented a
higher strain induced martensite fraction than the superduplex stainless
steel (32.4% vs. 15.2%). It was possible to study the reversion of strain-
induced martensite into austenite in duplex stainless steels by Rietveld
refinement of X-ray diffraction data and also by VSM. The quantitative
results from X-ray diffraction and from the fit equation of VSM data are
in reasonable agreement with each other, with a difference of no more
than 2%.

Table 7
Fraction volume of ferromagnetic (α+ α′) phases using VSM values, calculated using equations (9) and (10) for duplex and superduplex steels, respectively.

Condition Material

Duplex Superduplex

M_s (emu/
g)

Cα(%) by magnetic
saturation method

Cα(%) by stereology (as received)
and XRD (filed chips)

M_s (emu/
g)

Cα(%) by magnetic
saturation method

Cα(%) by stereology (as received)
and XRD (filed chips)

As received 64.2 48 44 58.2 46 45
Work hardened 74.9 56 76 58.7 46 60
600 °C/2 h 72.3 54 69 56.0 44 56
650 °C/2 h 60.5 46 46 51.4 40 51

Fig. 5. Volume fraction of (α+α′) phase calculated from magnetic saturation values vs. volume fraction of (α+ α′) phase calculated from XRD. A represents duplex
stainless steel and B represents superduplex stainless steel.

Table 8
Volume fraction (α+α′) of phases measured by XRD and fitted by equation (11) and (12) for duplex and superduplex stainless steel, respectively (VSM %).

Condition Material

Duplex Superduplex

(%) XRD (%)VSM error (%) (%) XRD (%)VSM error (%)

Work hardened 76 75 +1.3 60 60 0.0
600 °C/2h 69 70 −1.4 56 56 0.0
650 °C/2h 46 46 0.0 51 50 +2.0
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