A R CHITI V E S O F

M ETALTLURGY

A N D M A TERIALS

Volume 53

2008 Issuc 1

A. BACZMANSKI*, R. DAKHLAOUI*, C. BRAHAM™, K. WIERZBANOWSKI*

EXAMINATION OF MECHANICAL BEHAVIOUR OF AGED DUPLEX STEEL USING X-RAY AND NEUTRON DIFFRACTION
METHODS

BADANIE WEASNOSCI MECHANICZNYCH STALI DWU-FAZOWEJ PODDANEJ STARZENIU PRZY UZYCIU DYFRAKCJI
RENTGENOWSKIE] I NEUTRONOWE]

The parameters characterizing the elastoplastic mechanical behaviour of each phase in austeno-ferritic duplex stainless

steels were determined using X-ray and neutron diffraction during a uniaxial tensile test. The elastoplastic self-consistent model
was used to predict the evolution of the lattice elastic strains during loading and to identify the critical resolved shear stresses
and work hardening parameters of the material. The effect of ageing treatment on the elastoplastic behaviour of both phases was
also studied. It was found that thermal ageing of austeno-ferritic steel caused microstructural transformations and consequently
a significant increase of the hardness of ferrite, while the mechanical properties of austenite remained practically unchanged.
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Parametry opisujgce wlasnosci sprezysto-plastyczne kazdej z faz w nierdzewnej stali austeno-ferrytycznej zostaty wyzna-
czone przy uzyciu dyfrakcji rentgenowskiej i neutronowej podczas testu rozciggania in situ. Zastosowano sprezysto-plastyczny
model samo-uzgodniony do przewidywania sprezystych odksztatceni sieci podczas préby rozciggania oraz do wyznaczenia Kry-
tycznych naprezeni cinajacych na plaszczyznach poslizgu i parametréw umocnienia materiatu. Zbadano réwniez efekt wplyw
starzenia na wlasnosci sprezysto-plastyczne obu faz. Stwierdzono, ze proces termicznego starzenia stali austeno-ferrytycznej
spowodowal transformacje mikrostrukturalne i w konsekwencji wyrazny wzrost twardodci ferrytu, podczas gdy wtasnosci

mechaniczne austenitu pozostaty praktycznie niezmienione.

1. Introduction

The hardening of austeno-ferritic duplex stainless
steel can be caused by a reduction of the grain size, by
solid solution (addition of nitrogen — an austenite sta-
bilizing element, for example) or by precipitation of a
number of intermetallics and other phases (such as o
phase, carbides or nitrides...). The size of grains in the
austeno-ferritic steel is smaller than that of grains in the
austenitic and in the ferritic steels. Thus, the Hall-Petch
law predicts a larger hardness for the duplex steel than for
the single-phase ferrite or austenite. Furthermore, phase
boundaries play a considerable role in the hardening of
duplex steel.

The thermal ageing of austeno-ferritic steels at tem-
peratures lower than 600°C is characterised by mi-
crostructural transformations mainly in the ferritic phase.
These transformations lead to a hardening of the ferrite
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and a subsequent loss of the impact toughness of the
material [1]. Transformations in ferrite are mainly a/a’
decomposition into Cr-poor @ and Cr-rich ¢’ domains
and the precipitation of an intermetallic phase rich in
Ni, Si and Mo (the G phase) [2-5]. The role of ¢’ and
the G phases in hardening and embrittlement of ferrite
is widely discussed in the literature and the majority of
authors agree that hardening is attributed essentially to
the o’ phase (see [6, 7] for example). Indeed, the co-
herence shift between the lattice parameters of @ and o’
phases introduces internal stresses reducing the mobil-
ity of dislocations. Moreover, & and o’ have different
Young modulus, what modifies energy necessary for the
dislocation movement.

The G particles have very small size (between 1
and 10 nm generally and up to 50 nm occasionally)
and they precipitate, more or less uniformly, in the fer-
ritic grains depending on the chemical composition of
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steel. The largest particles are formed preferentially in
defects, the others are formed in the /o’ and y — «
interfaces. Their composition depends not only on the
chemical composition of steel but also on the conditions
of ageing. Other precipitations can also appear during
the ageing for very long duration, like the My;Cqy car-
bide precipitation and the secondary austenite y, with-
in ferrite. Some microstructural transformations can be
present in the austenitic phase but they do not change
mechanical properties of the material.

The a/e’ decomposition of ferrite occurs according
to two different mechanisms depending on the chromium
content and on the temperature [5], i.e., spinodal de-
composition (280<T<475°C) or nucleation and growth
(often at 500°C). The o’ and « phases have the same
crystal structure (b.c.c.) with very similar lattice param-
eter (parameter of ¢’ lattice is between those of iron and
of chromium lattice). The o’ phase can to contain up to
80% of chromium.

These microstructural transformations in ferrite are
not visible in optical microscopy, nor in Scanning Elec-
tron Microscope (SEM), nor even by X-Ray diffraction.
Resulting phases, being of nanometric size and of very
close crystallographic structures, can be studied only by
finer techniques such as Transmission Electron Micro-
scope (TEM), Mdssbauer spectroscopy or Small Angle
Neutron Scattering (SANS).

The elastoplastic and the thermoelastic properties of
duplex steel were investigated applying X-ray diffraction
[8, 9], neutron diffraction [10, 11], FEM calculations [12,
13] and the self-consistent model [9-11]. In the present
work, the neutron and X-ray diffraction methods were
applied for “in situ” loaded duplex steel sample in order
to compare elastoplastic behaviour of austenite and fer-
rite phases. The advantage of these methods is that the
elastic strains can be measured separately in each phase
and the experimental results can be directly compared
with the self-consistent model. In order to find out the
differences between both phases, the changes of inter-
planar spacings as a function of applied stress are stud-
ied. The effective parameters of plastic deformation are
determined individually for ferrite and austenite [9-11].
The main purpose of this work is to observe the effect
of ageing on mechanical behaviour of the phases in the
studied duplex stainless steel.

2. Material and samples preparation

The studied material is an austeno-ferritic stainless
steel, containing approximately 50% austenite and 50%
ferrite. It was obtained by continuous casting, and then
hot rolling down to 15 mm sheet thickness. The chemical
composition of the alloy is given in Table 1. The charac-

teristic microstructure of the steel consists of austenitic
islands elongated along the rolling direction and embed-
ded in a ferritic matrix (Fig. 1).
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Fig. 1. Microstructure by scanning electron microscope shows islands
of austenite (dark) in the ferrite matrix (light). The directions char-
acteristic for rolling process are shown: RD-rolling direction, and
ND-normal direction (TD-transfere direction is perpendicular to the
sample surface)

For the first sample, a solution annealing heat treat-
ment at 1050°C was given, followed by quenching in
water in order to avoid the precipitation of secondary
phases. The mechanical properties of this sample was
already studied using X-ray [9] and neutron diffraction
{10, 11]. In this work the second sample was prepared
to study the effect of ageing treatment on the mechani-
cal properties of ferrite and austenite. The temperature
of ageing (T'<475°C), in which only the decomposition
of ferrite (into « and &’ phases) by the mechanism of
spinodal decomposition occurs, was chosen [2-5, 14].
Conditions of ageing were established according to the
“TTP” diagram of duplex stainless steel [5, 15], i.e., the
sample was annealed during 1000 hours at the tempera-

ture of 400°C and next cooled in the air.
TABLE |
Chemical composition of duplex stainless steel X2 Cr Ni Mo 22.5.3
(UR45N): mass-percentage

C Mn{ Cr | Ni | Mo | Cu S N Fe
0.015| 1.6 {224 54129 |0.12 | 0.001 | 0.17

balance

As shown in Table 1, the studied austeno-ferritic
steel contains molybdenum. This alloy element favours
both the a/a’ decomposition and the G phase formation.
Indeed, molybdenum is placed rather in the phase o’ that
in the phase @ during decomposition process [16]. This
creates additional stresses between « and ¢’ and thus an
additional hardening is obtained [16]. The presence of
molybdenum in ferrite causes a reduction in solubility
of nickel and thus silicon and nickel saturation. This
supports the formation of G phase [17].



In addition to the precipitation of the G phase in dis-
locations and in the @/’ boundaries, controlled by the
spinodal decomposition, other phenomena of embrittle-
ment depending on the composition of austeno-ferritic
steel and on the conditions of ageing can appear. The
most frequently quoted precipitates are the carbides
M;3Cs, nitrides (CryN, 7) and the secondary austenite
v,. These precipitates influence considerably the me-
chanical properties and the corrosion resistance of the
austeno-ferritic duplex steels [5, 18]. UR45N duplex
steel studied in this work is not sensitive to the car-
bide formation because of molybdenum content. Molyb-
denum traps carbon and prevents it from diffusing in
the ferrite/austenite interfaces [19]. Moreover, My;Cg
carbides precipitate at sufficiently high temperatures
(=500°C). Also, the nitrides and the secondary austenite
o appear for temperatures of ageing quite higher than
400°C [5].

In conclusion, the microstructural mechanisms
dominating for the chosen conditions in the studied
austeno-ferritic steel (UR45N), are the spinodal decom-
position of ferrite into « and ¢’ phases accompanied by
a precipitation of G phase in a very small quantity.

To check the occurrence of a precipitation of phas-
es which could be detected by XRD, a /26 scan was
carried out on aged austeno-ferritic steel, using a cobalt
anticathode (Ag, = 0.176 nm) (Fig 2). As shown in the
diffractogram, apart from austenite and ferrite, no precip-
itation of secondary phases was detected by XRD. The
a and o phases of ferrite having very nearby lattice pa-
rameters (the difference between their lattice parameters
is about 0,002 nm [18]) can not be separated from the
diffractogram. Thus, only the average mechanical prop-
erties for both ferrite phases (a/a’) are determined in
this work using diffraction methods.

scattering
vector
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Fig. 2. Diffractogram for the aged stainless steel (X-rays, Ac, = 0.176

nm)

3. Experimental techniques

Due to the hot rolling process both studied phases
are significantly textured. The measurement of texture is
of primary importance, because the quantitative informa-
tion about the grain orientation distribution is essential
for the elastoplastic deformation modelling as well as for
the anisotropic diffraction elastic constants calculation
[20-24]. By using X-ray diffraction on a Seifert diffrac-
tometer (LIM in ENSAM Paris), the experimental pole
figures {111}, {200}, {110} and {200}, {220}, {211} were
determined for the austenitic and the ferritic phases, re-
spectively (the orientation of the sample coordinate sys-
tem with respect to main directions of rolling is shown
in Fig. 3a). Next, by using the WIMV algorithm [25], the
orientation distribution functions (ODEF, see [26]) were
calculated from the experimental pole figures, indepen-
dently for each phase (Fig. 4).
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Fig. 3. Orientation of the sample with respect to the scattering vector and to the applied %, stress during X-ray (a) and neutron (b)

diffraction. In the case of X-ray measurements the direction of the scattering vector is variable and it is described by ¢ and ¥ angles
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Fig. 4. Orientation distribution function (ODF) for both phases of
duplex steel determined by X-ray diffraction. The sections through
Euler space with a step of 5° along ¢, axis are presented for austenite
and ferrite phases (the sample frame is defined as: x,||TD, x,/IND and
x3|IRD, cf. Fig. 3)

The sin?¥ X-ray diffraction method [23, 24, 27] was
used to determine the phase stresses in the initial and in
the “in situ” loaded samples. This method is based on
the measurement of peak positions for a given hkl reflec-
tion and for various directions of the scattering vector,
described by ¥ and ¢ angles [27] (see Fig. 3a).

The interplanar spacings in the austenite (311 reflec-
tion) were measured using manganese radiation (/l%;l =
0.21035 nm), while chromium radiation (/12’('1 =0.22911
nm) was used for the 211 reflection of ferrite. Measure-
ments were carried out in two directions determined by
the ¢ angle (i.e., for ¢ = 0° and 90°) in the case of the
initial sample and then in one direction (i.e., ¢ = 0°)
when the tensile load was applied “in situ” along the
transverse direction (TD in Fig. 3a). The Set-X diffrac-
tometers were used to measure interplanar spacings for
the extended range of sin®¥ (0-0.8) and for the negative
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Fig. 5. Phase stresses, corresponding to the applied stress Xy, measured by X-ray diffraction using 311 reflection (g

and positive ¥ angles. As the result, the tensors of phase
stresses were determined for the initial sample (see Table
2), while the values of o} i’ phase stress as a function of

the Z,; were found assuming (7’7 =0 [9]. The phase
stresses were determined mdependently for ferrite and
austenite in the quenched and aged samples (Fig. 5).

TABLE 2
Initial stresses measured in both phases of the studied samples,
assuming a'g’;' = (. Sample orientation is given in Fig. 3a

sample Phase ol " (MPa) ol (MPa)
ferrit -15 29
quenched e ?
austenite 22 -141
ferrite -32 64
aged -
austenite 58 -41

Neutron diffraction was used to measure “in situ”
the lattice strains in duplex steel under an applied tensile
load (G5.2 spectrometer with the *He position sensitive
detector in LLB, Saclay, France). The incident neutron
wavelength of 2.87 A was used to obtain scattering an-
gles from austenite 111 and ferrite 110 peaks at 20 =~
86° and 20 =~ 90°, respectively. In each measurement
the 10x2x2 mm gauge volume crossing the cylindri-
cal sample was used (Fig. 3b). The scattering vector
was aligned in the direction of the applied tensile load
(along x;-TD) using transmission technique to measure
interplanar spacings (Fig. 3b). Different tensile strains
were applied and subsequently the variations of axial
force were measured by a dynamometer. For different
values of the applied macrostresses the lattice strains
(< 811) (hkll) were determined in both phases “ph” (see
Fig. 7):
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austenite and 211 reflection for ferrite (/lff) =(.22911 nm) in quenched (a) and aged (b) steels. The sin?¥ method was used to determine
phase stresses from strains measured during “in situ” tensile test (cf. Fig. 3a)
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Fig. 6. Elastic lattice strain, corresponding to the applied stress X,;, measured by neutron diffraction using 111 reflection for austenite and
110 reflection for ferrite in quenched (a) and aged (b) steels. The strains were measured during “in situ” tensile test in the direction of
applied stress ;; (cf. Fig. 3b)
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Fig. 7. Results of the mechanical tensile test (solid line) compared with model prediction (dashed line) for quenched (a) and aged (b) steels

L P $=0 _Ph
s _ph <A Sy = <A >y
<€n >€hk1} = o . (D
< d==v >
{hkl)

where < >0 >ZZ<1} and < d* >5Z<1} are the inter-
planar spacings measured in x; (TD) direction for the
non-deformed (reference) sample and for the loaded
sample (Z;; is applied), while the brackets denote the
average over the volume of diffracting grains belonging
to “ph” phase, for which the scattering vector is perpen-
dicular to the {hkl} planes.

In both X-ray and neutron diffraction experiments,
the decrease of the load determined at a given (constant)
strain was observed in the elastoplastic range of defor-
mation. Thus, the diffraction peaks were measured after
stabilisation of the macrostress (Z;;).

The results obtained from diffraction reveal the
stress (strain) distribution between phases (ferrite and
austenite) of duplex steel. To study the overall properties
of the material the mechanical test was performed and
the evolution of macroscopic stress (£11) vs. macroscop-
ic strain (E;;) was determined (Fig. 7). An extensometer
was used to determine precisely the macrostrain. The
deformation process was stopped at a few points and a
decrease and stabilisation of the external load was ob-

served when the applied strain rate was equal to zero
(Fig. 7).

4. Interpretation of the results

The experimental points in Fig. 5 illustrate the evo-
lution of the phase stresses o fl determined by X-ray

. . . . / .
diffraction (assuming relaxation of 0'53' component, 1.e.,
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y . .
U_f; = () as a function of the X;, stress applied along

transverse direction (TD) during the tensile test. It should
be noted that in the case of aged sample the o and o’
phases are indistinguishable in diffraction and in fur-
ther study they are treated as one phase (ferrite) hav-
ing average mechanical properties. Similar evolution of
<&l >ZZ</} lattice strain measured by neutrons in ferrite
(i.e., @ together with ') and in austenite (y) is shown
in Fig. 6. By analysing the experimental results for both
studied samples, it can be shown that at the beginning
of loading, the stresses (strains) in both phases were ap-
proximately equal to the applied stresses and they change
linearly with X;. The plastic deformation of austenite
starts from a characteristic point (I' in Figs. 5 and 6)
where the load is transferred mostly to the ferritic phase
(still elastically deformed). After this point, the stress
measured in austenite is lower than that in ferrite and
the difference increases with X;;. The next characteris-
tic point () shows the elastic limit of ferrite. Starting
from this limit, the difference between the phase stress-
es decreases with an increase of the applied stress (21;).
The latter evolution indicates that the work hardening
of austenite is more significant in comparison with fer-
rite hardening and the load is now transferred to the
austenitic phase [9-11].

The next step of the study was performed by com-
paring the results of the self-consistent model [28, 29]
with experimental data. To predict the elastoplastic pro-
cess, the calculations were performed for 20000 ellip-
soidal inclusions (a/c = 0.1 and b/c = 0.2, where c{|RD,
b|ITD and a||[ND) representing grains of austenite (50%)
and ferrite (50%). The tensile stress was applied along
the transverse direction (TD), i.e., along the b — axis of
inclusion. The initial orientations of crystallites, corre-
sponding to the experimental textures (Fig. 4) and initial
stresses given in Table 2 were used as the input data for
each phase. The elastic behaviour of a grain was charac-
terised by given single crystal elastic constants (i.e., for
austenite: C;; = 198 GPa, Cjp = 125 GPa, Cyq = 122
GPa and for ferrite: C;; = 231 GPa, Cj; = 134 GPa, Cy
= 116 GPa), however the plastic properties were a priori
not known. The calculations were performed assuming
that two families of slip systems (i.e., <111>{211} and
<111>{110}) for ferrite and one family of slip systems
(i.e., <110>{111}) for austenite are active during plastic
deformation. Generally, a multi-slip is observed during
plastic deformation and in such the case the critical re-
solved shear stress (') on the system (,,”") depends on
shear glides (y/) on other active slip systems (,,;). The
linear hardening law was considered and, consequently,
the following relation for the rate of critical resolved
shear stresses for slip was used:

° l‘ L.o@ j
T = HYy 2
) Ej] @)

HU is called the hardening matrix describing the mutual
interaction between slip systems [29]. In this work an
isotropic hardening is assumed, i.e., all elements of the
H;; matrix have the same value H. Moreover, the initial
critical resolved shear stress for slip systems belonging
to a given family have the same value: 7¢.

To determine the elastoplastic parameters of the
phases, the model Uf f stresses were adjusted to those
measured by X-ray diffraction. In accord with [9], it was
assumed that the Ué’g’ stresses completely relax (i.e., Ufé'
= () in the near-surface volume penetrated by X-ray ra-
diation. Similar procedure was applied in the case of
neutron diffraction, but in this case the experimental
< &qy >ZZ<” strains were fitted to the model data. As
presented in Fig. 5, the theoretical curves agree very
well with the experimental points in the elastic range
of deformation (below point I'), i.e., the proper elas-
tic constants were used in modelling as well as in the
calculation of the diffraction elastic constants. To adjust
the model results to the experimental data in the elasto-
plastic range (above point I'), the values of initial critical
resolved stress (t¢) were varied for both phases. The first
characteristic point (I'), corresponding to the yield point
of the y-phase, determines the value of 7¢ for austenite,
while the second point (Q) allows for 72 of ferrite to be
found [9-11]. The initial critical resolved shear stress de-
termined for both phases are given in Table 3. By fitting
model results to the phase stresses (strains) in the range
where both phases are plastically deformed (i.e., above
point the ), the theoretical ratios of work hardening pa-
rameters H(ferrite)/H(austenite) can be found. To find
the absolute values of H parameters for each phase, ad-
ditionally the X;; vs. Ej;; model functions (where X;
is the macrostress applied to the sample and E;; is the
macrostrain measured by strain gauge) must be adjust-
ed to the corresponding experimental values [9-11]. As
shown in Fig. 7, the macrostress relaxed slowly to a lower
value when the increase of applied strain was stopped.
When the tensile test restarted with the same rate, the
macrostress rapidly returned to approximately the same
value as before relaxation. Consequently, the two differ-
ent evolutions of X;; vs. E;; were determined in this
experiment, i.e., the upper curve in Fig. 7 representing
the macrostress which depends on the rate of the applied
strain and the lower curve plotted for macrostress values
after stabilisation, which illustrates the hardening of the
material due to the dislocations multiplication and the
intergranular stress presence. The latter plot, describing
the state of the material after stabilisation, corresponds to



the conditions occurring during diffraction measurement
and it can be related to the X;; vs. E;; dependence pre-
dicted by the rate-independent elastoplastic model. Thus,
the model results were adjusted to the lower curve shown
in Fig. 7 representing the sample after macrostresses sta-
bilisation.

TABLE 3
Plastic deformation parameters determined for quenched and aged
steels
X-ray diffraction |Neutron diffraction
quenched | aged | quenched | aged
DSS DSS DSS DSS
72 — ferrite (MPa) 260 370 240 390
72 — austenite (MPa) 115 110 100 105
H - ferrite (MPa) 80 80 80 100
H - austenite (MPa) 200 245 190 200

The plastic parameters determined for ferrite and
austenite in the quenched and aged samples are presented
in Table 3. Thermal ageing of the studied austeno-ferritic
duplex stainless steel at 400°C during 1000 hours causes
a significant increase of the hardness of ferrite (increase
of 72), while the mechanical properties of austenite re-
mained practically unchanged. Finally, the influence of
the ageing treatment on the hardness of both phases was
confirmed by the Vickers test. The sample surfaces for
the Vickers microhardness tests were carried out by me-
chanical soft polishing followed by a chemical attack (to
reveal the phases) and an electro-polishing (to remove
the plastically deformed zone). As shown in Fig. 8, a
significant increase of hardness of the ferritic phase and
unchanged austenite hardness were observed for the aged
sample.

600

0 Austenite
o Ferrite

500

400 -

380 -

]
1

HY {25¢1155)

200 -

guenched

aged

4

Fig. 8. Microhardness of the austenite and the ferrite phases measured
for the quenched and aged steels

Results obtained in this paper confirm the thermal
stability of austenite and significant increase of ferrite
hardness for the chosen conditions of thermal ageing.
Once more the relevance of diffraction methods and the
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self-consistent modelling in the study of mechanical be-
haviour of multiphase materials at the phase scale was
demonstrated.

5. Conclusions

The main advantage of the diffraction method used
in this work was the possibility to separate the mea-
surement of mechanical properties for each phase in
multiphase steels. The self-consistent model of elasto-
plastic deformation was successfully compared with the
results of neutron diffraction experiments performed for
“in situ” deformed duplex steel. Very good agreement of
the measured and the predicted lattice strains was found
for the elastic and elastoplastic ranges of deformation. A
comparison of experimental and theoretical lattice strains
allowed independent determination of the plastic param-
eters for austenite and ferrite (i.e., 72, H), characterizing
the behaviour of both phases within duplex steel.

It is found that for the quenched duplex steel (with-
out precipitation of secondary phases), the ferritic phase
is initially harder than the austenitic phase, i.e. the crit-
ical resolved shear stress of ferrite is higher than for
austenite. Significant increase of the ferrite hardness was
observed after ageing treatment while the mechanical
properties of austenite remained unchanged. The results
obtained using diffraction were confirmed by the Vickers
test, showing a significant increase of microhardnesses
of ferrite due to ageing treatment. The evolution of the
mechanical properties of duplex steel are caused by the
spinodal decomposition of ferrite in @ and @’ phases
accompanied by a precipitation of G phase expected for
the chosen conditions of ageing.
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