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Abstract

Perfonmance of stainless steels (SS) is a duwect Tunction of the mucrostructure, and
phase quantification is an important experimental procedure for microstructural
characterization. X-ray diffratometry (XRD) is widely used in phase identitication of S5, and
analysis of the diffracted intensity peaks of the phases allows the determination of their
volume [ractions. X-ray diffraction patterns wsing copper or chromium X-ray sources were
obtained for two different S5, The fust group of samples are composed of a duplex stainless
steel (DSS) solution-treated at three different temperatures, in arder o obtain different ferrite-
to-austenite volume fraction ratios. The other group was composed by quenched and tempered
samples of a supermartensitic stainless steel (SMSS) with different amounts of retained and/or
reversed austenite. Tt was found that XRD results using copper largets as source of X-rays lead
o belter gquantilication ol phases [or both 55 studied. However, the techmigue was inlluenced
by crystallographic texture in DSS phases guantification; in the absence of marked texiure,
XRD results in quantification similar to other techniques. Only SMSS samples with higher
amounts of coarse reversed austenite (as in samples tempered for 2 h at 625 or 650 “C) could
have austenite partially quantified. being magnetic measurements a better indirect technique
lor guantification of phases in SMS5.
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1. Introduction

Duplex Stainless Steels (DSS) are applied in situations where mechanical resistance,
toughness and high corrosion resistance are needed. Their typical microstructure
approximately equal amounts of ferrite and austenite, which can be obtained after sclution
heat treatment between 1000 and 1200 °C followed by [ast cooling, usually in water. This
processing route maintain DSS in a metastable equilibrium, and for this reason subsequente
heating cycles could lead 1o the formation of vadesirable phases, like sigima, chi or chromium
nitrides [1.2].

Supermartensitic Stainless Steels (SMSS) belongs to another important class of
materials, and were developed to provide the high mechanical resistunce associated to
martensitic structures, together to the ability of recelving welding procedures without a loss in
corrosion resistance. The low content of carbon in SMSS allows the martensitic phase to have
a body centered cubic (BCC) crystal structure, the same found in the ferrite phase. Martensite,
in SMSS, 1s crystallographic equivalent to the fermie phase, differing from this phase in the
phase transformations that lead to its formation. Ni content of SMSS cun lead to expressive
amaounts of retained austenite after gquenching, and/or reversed austenite during tempering heat
treatment. [37].
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Considering that desired properties of DSS and SMSS are close related to the amounts
of ferrite and austenite (for D58), or the amount of retained/reversed austenite in SMSS. this
work will analyse the possibility of X-ray diffraction (XRD)} as a technique for phases
characterisation and quantification, comparing the guantificaton results by XRD 1o the
guantification of ferrite and martensite performed by magnetic measurements using a
ferritscope. A UNS 531803 DSS and an experimental SMSS alloy were used, both in different
heat treatment conditions.

2. Experimental Procedures

Samples of UNS S31803 DSS were obtained from a 3 mm thickness sheet, and were
solution-treated for 30 mun at 1070, 1130 or 1180 °C and water quenched. Samples of an
experimental SMSS were austenitized at 050 °C, oil quenched and then tempered for 2 hours
al 330, 575, 600, 625, 630 or 700 *C. Chemical compositions of both alloys are presented in
Table 1.

Table | — Chemical compositions (wi%) of the DSS and SMSS studied.
Cr Ni Mo N C Mn Si Nb Ti Cu Fe

DSS 2248 574 320 0.162 0018 142 0.35 - - 0.15 bal
SMSS 1335 510 108 017 0008 063 039 0.11 0.008 - Al

Specimens are merallographic polished before X-ray diffraction analysis, which were
performed in a Shimadzy XRD-7000 ditffractometer. Copper target X-ray source generated Cu
Kol X-ray (& = 0.15406 nm. using a monochromator crystal just before the X-ray detector)
were used for XED analysis, with scanning angle in the range of 407 < 20 < 100° for the DSS
and 40" < 28 < 85" for the SMSS. Chromium target X-ray source generated Cr Kal X-ray
(A= 0.22897 nm, using a vanadium filter in the X-ray source) were also used in XKD analysis,
with scanning angle in the range of 60° < 20 < 1607 for both steels, Independent of the X-ary
source, a step of 0.02° and a scanning rate of 0.5 */min were emploved; acceleration voltage in
source was 30 kY. and filament current was 30 mA, generating a 0.9 KW power X-ray beam.
For each sample, ten XED patterns wera obtmned.

As describad elsewhere [4. 5. 6], when only two phases arg dentified in XK1, the
quantification of phases corresponding to the peaks found was possible through the use of Iiq.
(1), which relates the volumetric fraction (X), the integrated intensity (I) of the diffraction
peak and the scattering factor (R) of the (n) peaks related o a” phase and (m) peaks related to
v phasc.

i
Xg = o — (1)
1yn fal A Wy, Y
e Rm 5 mEi R'I-"

Scattering fator (R) was calculated from Eq. (2) for each crystallographic (hkl) Miller
index plane, knowing: i} structure factor (F), ii) the multiplicity factor (p) associated with the
plane (hkl), m) diffraction angle 8 of the Bragg Law (Eg. 3), ) Debye- Waller (DWH)
temperature factor, and v) the volume of unit cell (V) of the phase. V was calculated vsing the
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unit cell parameter (a) obtained for all (hkl) plane spacing (d) using Eq. 4, since both phases
are cubic crystal structures [4,5]. All d values obtained were used tor the MNelson-Riley
adjustment (eq. 3) [7], obtaining a in each XRD for hoth phases.

P ( 1 ) - (l—i- (:05223) - o)
hkl = \p2 LFp sinZ8 cos @ ]
ni = 2dpyysin 6 (3)
= d{hk;.}\/.ﬁz + .]'{2 -+ IE (4)
- 1{cos?8 cos” 6)
g == + (5)
N-R ™2\ sing 0

The DWT factor is a function of the diffraction angle 0 and the wavelength of the X-ray
source (), and according to ASTM E 975- 13 [8], DWF can be estimated by Eq. (6).

'sin H)z

.

-7 1.
DWFgy = e ( (©)

The structure factor F(hkl) is dependent on the atomic scattering factor (1), determined
by the mean influence of atomic species in a phase. With the weighted (), the value of
structure F(hkl) is calculated using simplifications according to the type of structure. BCC or
FCC in the case of this work [4., 5. 6].

After XRD analysis, the volume fraction of magnetic phase (ferrite in DSS and
martensite in SMSS) were obrained with the aid of a ferritscope MP30 FISCHER, which was
calibrated using standard samples contaimng 4.4 %, 30.7 %, 86.2 % or 100% of magnetic
phase. In each sample, 10 to 30 measurements were taken, determining mean values and
standard deviation,

3, Results and discussion

Typical XRD patterns for studied DS5 and 5MSS can be observed in Fig. 1.
Quantification of the ferromagnetic martensite volume fraction (obtained in ferritscope
measurements) compared to the martensite volume fraction (obtained by XRD analysis) are
presented in Fig, 2. In a similar way, in Fig. 3 the [eromagnetic femte volume [ruction is
compared o lerrite volume fraction of the DSS samples.
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Fig 1. Typical XRD patterns for (A) SMSS5 using Cu Kal radiation, (B) SMSS using
Cr Kal radiation, (C) DSS using Cu Kol radiation, and (D) DSS using Cr Kl

radiation. Crystallographic planes of the phases are identified in cach XRD pattern.
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Fig 2, Ferromagnetic martensite volume fraction (obtained in ferritscope measurements)
compared to the martensite volume fraction (obtained by XRD analysis using Cu Kl

or Cr Kol radiation) [or the SMES.
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Fig 3. Ferromagnetic territe volume traction (obtained in territscope measurements)
compared to the ferrite volume fraction (obtained by XRD analysis using Cu Kal or
Cr Kal radiation) for the DSS,

The SMSS ooly showed w2000, v(111) and (2200 peaks Tor the samples empered al
625 or 650°C, in both radiaton sources (Fig. 1A and [B). For this reason, only at those
temperatures austenite was quantified through XRD (Fig. 2). For all other temperatures, XRD
analysis showed only martensite. Those results are very different from ferritscope
measurements. which demonstrales that there are retained and/or reversed ausienite in all
samples. One explanation for this occurence is the probable morphology of the ausienile in
those samples,

Retained austenite (more prone to occur at lower tempering temperature) was retained
between martensite laths. The small thickness of these interlath austenite did not provide a
sulficient volume of FCC crystal to allow X-ray diffraction, and the intensity of the peaks
related to FCC will be much smaller than the diffraction peak intensities for martensite.

At 625 or 630 °C tempered samples, as reported elsewhere [3] reverse austenite can be
formed during tempering. Retained austenite from quenching, in those samples, act as
nucleation sites for reversed austenite formation during tempering, allowing this phase to
arow. Larger volume ol austenite allow a more intense diffraction of specific austenite planes,
allowing its detection and quantification. The volume fraction of austenite measured by XRD,
however, are smaller than the volume fraction of avstenite measured by ferritscope, indicating
that part of the retained austenite remained thinner. or part of the reversed austenite was
transformed into martensite during cooling after tempering. This is probably what was
happened in the sample tempered at 704 “C: a higher reversed austenite volume fraction lead
to higher martensite formed after tempering.

Quantification by XRD of retained/reversed austenite in samples tempered at 625 °C
or 630 °C, however, are more closer to ferritscope results if Cr Kal radiation is employed.
This could be a result of the better separation between (111) and @(110) peaks when Cr
radiation is used (Fig. 1A and 1B), making the definition of the integrated intensity (1) of the
dilfracton peaks more precise.

Analysis of the XRD patterns for the DSS (Fig. 1C and 1D) clearly shows that all
austenite peaks have higher intensities when compared to the austenite peaks observed in the
SMSS samples (Fig. 1A and 1B). This corroborates the previous idea: being austenite in DSS
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present in higher volume fractions, and in a more block morphology, its detection by XRD are
facilitated. This lead to the closer results between XRD quantification using Cu Kol radiation
and magnetic measurements for the DSS solution-treated at 1130 °C or 1180 °C (Fig. 3.
However, results obtained from XED patterns using Cr Kol radiation were almost the same
tor the three temperatures studied. Nine different diffraction peaks were found using Cu Kol
radiation, while only six were found during Cr Kol radiation XRD. Using Cr source, the
number of peaks were smaller, and the definition of area under peaks (or the integrated peak
intensity 1) is worse. This is probably caused by the use of a ¥V filter instead of a
monochromator crystal, which intensify the presence of background and noise in Cr source
XRD. The hetter separation of 4(111) and a1 10) peaks, which allowed a better quantification
in SMSS, was not an advantage in DSS phase quantification: the lack of more well defined
peaks was mandatory in this case.

At the lower solution-treatment temperature of s (1070 “C) XRD quantification of
phases, even using a copper source, resulted in values different from ferritscope
guantification. The microstructure of the sample solution treated for 30 min at 1070 *C (Fig.
4A) showed a heavily banded microstructure, which can be associated to a crystallographic
texture of that sample. Il this happened. the quantification by XRD (which suppese a non-
oriented sample) was compromised.

Cvaluation of the possible influence of texture in XRD quantification of phases, using
a copper source, was done by treating another sample of DSS for 168 h at 1070 °C.
Microstructure of this sample presented larger grain sizes for both phases, and the equiaxial
erains were more randomly disinbuled in the microstructure (Fig. 4B), and this can be an
indication of the reduction of the previous texture. Ferritscope analysis of that sample (Fig. 3)
showed that this higher solution-treatment time did not altered the volume fraction of phases,
confirming that bath samples, treated for 30 min or 168 h. reached the equilibrium volume
fraction of ferrite and zustenite.

XRD quantfication of phases in the 168h solution-irealed sample showed that values
nof ferrite and austenite obtained by this method are equivalent (o the fermiscope
measurements, confirming the influence of micrestructure in the XRD technigque,
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Fig 4. MILT[TIHIH.IH.ITE\ of the DSS solution-treated at 1070 °C for (A) 30 min and (B)
168 h. after moditied Beraha etching, Ferrite is the darker phase. austenite is the lighter..

4. Conclusions

# Ferritscope analysis of SMSS showed that retained and/or reversed austenite 1s present
in all tempering conditons. However, XRD quantification were only able o detect and
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quantify austenite in samples where the morphology of austenite lead to a higher
volume, enhancing austenite peaks intensity.

For the SMSS, the berter separation between (111} and a(11() peaks when Cr Kol
radiation was used lead to a better quantification of the reversed austenite formed at
625 "C and 650 °C tempered samples. However, detection of thinner laths of retained
ausicnite was nol possible cven using Cr Kol radiation.

# For the DSS. quantification of phases by XRD was only possible using Cu Kal

radiation, and the samples can not present preferential orientation of phases.
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