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ABSTRACT

In this work the recovery and recrystallization processes occurring in ferritic and austenitic steels were studied. To determine the evolution of residual stresses
during material annealing the nonlinear sin®y diffraction method was used and an important relaxation of the macrostresses as well as the microstresses was
found in the cold rolled samples subjected to heat treatment. Such relaxation occurs at the beginning of recovery, when any changes of microstructure cannot
be detected using other experimental techniques. Stress evolution in the annealed steel samples was correlated with the progress of recovery process, which

significantly depends on the value of stacking fault energy.

Keywords:

Residual stresses

X-ray diffraction
Microstructure
Recovery
Recrystallization
Crystallographic texture

1. Introduction

One of the characteristics which determine the strength of materials
and their susceptibility to cracking is the state of residual stresses,
i.e., the stresses between the parts of the externally unloaded compo-
nent which remain after a process. The residual stress is generated dur-
ing cooling of the cast metal or as a result of mechanical working of the
polycrystalline materials, e.g., cold forming [1-3]. For example, during
cold rolling the differences in irreversible plastic deformation of the
surface layer and the interior of the sheet cause the incompatibility be-
tween these two volumes and leads to creation of a residual stress. Both
value and heterogeneity of residual stresses significantly influence the
fatigue characteristics and strength of materials. If added to the exter-
nally applied loads, residual stresses can lead to the destruction, but
can also be advantageous for the fatigue life, of the product. A compres-
sive stress state in the surface layer reduces the risk of cracking or/and
decoupling of the applied coating. In contrast, the tensile stress can ini-
tiate and accelerate the development of cracks and damage of the coat-
ing. A variety of surface treatments can be applied to improve the
mechanical properties of materials, by generating compressive surface
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stress state (e.g., laser treatment, ball peening, sand blasting or burnish-
ing of the surface).

In polycrystalline materials residual stresses can be divided into
three categories according to their spatial extent and origin [2,4]. The
macrostresses (the first order stress of;), caused by heterogeneity of
the material or process, extend over the largest distances — ranging
from tenths of millimeters to centimeters or more. In the unloaded sam-
ple, these stresses compensate themselves over the entire volume, and
their heterogeneity in the sample depends on the history of the treat-
ment. The principal stresses in the direction of rolling and/or transverse
direction (RD and TD, respectively), usually present on the rolled sample
surface, may be an example. The type of these stresses (compressive or
tensile) and their values depends on the rolling conditions, e.g., friction
between the rolls and the material.

The difference between the stress value in a particular grain and the
first order value is defined as the second order stress 0{,’ The variation of
stress state from grain to grain is caused by differences in irreversible
deformations of the crystallites during thermal or mechanical treat-
ment. The intergranular stresses, also called mismatch stresses or
microstresses, can arise from differences in thermal expansion coeffi-
cients or plastic deformation between grains. The sum of the second
order stresses for all crystallites in a sufficiently large volume is equal
to zero.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.matchar.2015.12.019&domain=pdf
mailto:Andrzej.Baczmanski@fis.agh.edu.pl
http://dx.doi.org/10.1016/j.matchar.2015.12.019
www.elsevier.com/locate/matchar

X; (ND)

Lz || scattering vector

Fig. 1. Orientation of the laboratory system L, defined by the direction L; of the scattering
vector and direction L lying on the sample surface, with respect to the sample coordinates
X1, X2 and X3 coincided with RD—rolling direction, TD—transverse direction and
ND—normal direction, respectively. Orientation of the scattering vector in relation to the
sample frame is given by the ¢ and i angles.

Stresses of the third order (0¥'(r)) describes stress variation in the
smallest scale, i.e., within the single grain. They result from the stress
field existing around the dislocations, or from disorder in the regular
crystal lattice near to the boundary of a single grain or mosaic
structures.

The stress at a given point of the material (i.e., at position r) is equal
to the sum of all the above-defined components, namely:

0j(r) = of; + off + ol (1) 1)

A comprehensive review of the literature on the recovery process
and recrystallization is given by Humphreys and Hatherly [5], where
such effects of thermal treatment as evolution of dislocation density,
crystallographic texture, resistivity, and grain size of polycrystalline
metals are presented. The novelty of the present study is to investigate
the relaxation of macroscopic residual stress (first order stresses) and
the plastic strain mismatch (second order stresses) as a function of tem-
perature and correlate this process with the other changes taking place
during the recovery process. Obtaining the original results was possible
using a nonlinear sin?y method proposed and described in details by
Baczmanski et al. [6-8], and applied in other works [9-11]. The study
was performed for the ferritic and austenitic steels. At first, all samples
were deformed by cold rolling, and subsequently subjected to isother-
mal annealing at different temperatures, until recrystallization.

2. Stress determination methodology

X-ray diffraction is often used to measure residual stresses in
polycrystalline materials [1-3]. In this work the multireflection
sin®y diffraction method is applied to determine the interplanar
spacings <d(¢, Yr)>(ni; for a few reflections hkl and for various orien-
tations of the scattering vector relative to the sample frame. These
orientations are described by two angles ¢ and ¥, as shown in

Fig. 1. Finally, the equivalent lattice parameters <a(d, ¥)>y, = <d
(b, )>(hiay V h? + k* + I are calculated from measured interplanar
spacings. The methodology is described in detail in literature [6-12].

To analyze the relations <a(¢, ¥#)>u Vs. sin®y the nonlinear sin’ys
method allowing separation of the macro- and plastic incompatibility

residual stresses is used [6-9]. In this method the theoretical second
order stresses, generated during plastic deformation, are calculated
using the elastoplastic model. However, the evolution of the stress mag-
nitude resulting from the work hardening and the annealing induced
relaxation cannot be exactly predicted. Therefore, the dependence of
the incompatibility stresses on the grain orientation are calculated by
the model, while the amplitude of the theoretical stresses are scaled

by an adjusting factor g. This factor relates the predicted values ()'gg(p )

of the incompatibility stresses to the actual ones o) [6-9], i.e.:
I (pi) Ig(pi)
of? = q ofP. (2)

Then, the equivalent lattice parameter <a(¢, {)>(ux; measured by
diffraction for given angles ¢ and ¢ can be expressed through the first

order stresses oj; and the predicted second order stresses ogg“”)

<a(d,¥)>y = [Fz‘jhkl,@'ﬁ ol + q<’Y3m'st5§nnijog’g(pi) > (hkl} ] a
+a, 3)

where: spy,f are the elastic constants of a single crystal defined relative-
ly to the sample coordinate system X, vy, are the transformation matrix
from the sample frame X to the laboratory system L (Fig. 1), a° is the lat-
tice parameter of the stress free material and F;(hkl, ¢, i) are the X-ray
stress factors (XSF) calculated from the s, elastic constants and the
measured textures (described by ODFs — orientation distribution func-
tions) [6-9].

In the nonlinear siny the calculated <a(¢, §r)>gun values (according
to Eq. (3)) are fitted to the measured ones. To this end, a least square
procedure is applied and, as the result, the adjusting parameters, i.e.,
G{j g and a° are determined. Finally, by using q factor in Eq. (2), the
values of plastic incompatibility stresses o/ in the real sample can

be calculated from the model values ogg(pi) [6-9]. Therefore, both the

first order and the second order stresses (o,!j and U,-}’g("")) are determined
for the studied volume of the material.

In the present work, stress analysis will be performed for the plasti-
cally deformed (cold rolled samples) as well as those samples subjected
to the annealing treatment. It is assumed that during annealing the
stresses are partly or entirely released, and during the process of relax-
ation the magnitude of the o8P stresses decreases but their orienta-
tion dependence remains unchanged. Therefore, the theoretical values

of the oji;g(pi) obtained from the elastoplastic model can also be used to

determine the second order stresses in the annealed samples [13].

As described above, the stresses state in the material can be studied
by diffraction with the help of the elastoplastic deformation models, in
which the deformation process is considered at two different scales,
i.e., for a particular grain and for a polycrystalline aggregate. The scale
transition model must be used in calculations to relate the local process-
es with the behavior of the polycrystalline material. At the grain scale,
the plastic deformation is caused by the glides on the crystallographic
planes. According to Schmid's criterion, a given slip system (character-
ized by the plain and direction of glide) is active only when the resolved
shear stress on this system is equal to its critical value 7. Because of the
multiplication of dislocations during plastic deformation, the slip sys-
tems are hardened (i.e. the value of 7. increases). This process is de-
scribed in calculations using the work hardening matrix, whose

Table 1
The chemical composition of the studied steels (wt.%).
C Si Mn P S Cu Ni Cr Mo Al Fe
Ferritic steel 0.002 0.012 0.105 - - - - 0.016 - 0.058 Balance
Austenitic stainless steel 316L 0.02 0.056 1.67 0.04 0.04 0.35 11.14 17.24 1.96 - Balance




Table 2
Diffraction conditions used in the measurement of stress and crystallographic texture.

Material Anode Wavelength Reflections hkl Reflections hkl Scattering
of Nka1/Nkoaz  for texture for stress angle 26 (°)
X-ray (A) measurement measurement for Agqg
tube
110 - 68.6
2289726 200 200 105.8
Ferritic steel Cr 2293651 211 211 155.2
Austenitic Mn 2101854 111 - 61.0
stainless steel 2.105822 200 - 71.7
220 220 111.8
- 311 151.8

components relate the rate of the critical resolve shear stress (CRSS) for
the s-th system (7%) to the rate of the plastic slip (i/f) on the t-th active
system [14], i.e.: 75= 3 HY vt (where the derivative % is denoted by a
dot). In the present work an isotropic linear hardening is assumed,
i.e,, the hardening matrix components are equal to the same constant
value: H*' = H.

The plastic deformation at the scale of grain level is related to the
macroscopic deformation of the polycrystalline aggregate using the
scale transition model, in which the concentration tensors A or/and B
are introduced. Using these tensors the local strain rate &;(or stress
rate (}U) of a grain can be related to the macrostrain rate Ey(or

macrostress rate 3y), i.e.:
&j = Ay E or 0 = Byy 2y (4)

The concentration tensor (tensors A or B) can be determined for an
ellipsoidal inclusion representing grain embedded in the homogeneous
matrix. The mechanical properties of the matrix are calculated as the
average for all polycrystalline grains. To determine the localization ten-
sors, macroscopic and local behavior of polycrystals, we have applied a
self-consistent homogenization scheme elaborated by Lipinski et al.
[15-16] and extended by Zattarin et al. [17].

Another scale transition model was proposed by Leffers [18] and
extended by Wierzbanowski [19,20]. In this method (called the LW
model) the stress rate of a grain Jy; is related to the macroscopic stress

rate of polycrystalline aggregate Eij through the equation, i.e.:
O = 2 +Liy <Ekl - 5I<1> 5)

where L,;ﬁ; is the Hill's constraint tensor.

The second term of Eq. (5) describes the evolution of intragranular
stresses generated by the incompatibilities of the grains to the sur-
rounding aggregate. To do this, the Hill's constraint tensor L is used
[17,19,20]. In this approach it is assumed that the differences between
the grain deformation &; and the macroscopic deformation Ej, of the
sample lead to the creation of the incompatibility stresses. In the LW
model, the Hill's Ljj, tensor is usually represented by the elastic shear
modulus 1, multiplied by the elastoplastic accommodation parameter
o ie.:

for ij = ki

Lijg = otpt U
p for ij=k 6)

Ligg =0

where: « value determines the effect of accommodation of a grain
incompatibility (c can be changed from zero to infinity), while u; (as-
sumed to be equal 0 or 1) is used to describes the anisotropy of grains
interaction.

3. Materials studied and their characterization

Two series of cold rolled steel samples were prepared and subjected
to isothermal annealing at different temperatures. The chemical compo-
sition of the investigated steels is shown in Table 1. The low-carbon fer-
ritic steel was cold rolled up to of 85% reduction in thickness and
isothermally annealed for 30 min under CO, + CO atmosphere at tem-
peratures: 100 °C, 200 °C, 400 °C, 600 °C and 800 °C. The austenitic stain-
less steel (AISI 316L) was cold rolled to the reduction of 70%, and then
annealed in an atmosphere of argon for 120 min at temperatures:
400 °C, 450 °C, 500 °C, 600 °C, 650 °C, 850 °C and 1170 °C.

Preliminary X-ray studies were performed on a PANalytical X'Pert
diffractometer using Cu radiation (Ago1 = 1.54060 A and N\gaz =
1.54443 A). A Gobel mirror collimating the incident beam and a parallel
collimator (Soller slits) placed in front of a scintillation detector were
used in the measurements. The diffraction patterns obtained for the
cold rolled materials show that each of the studied steels contains a

Table 3
Single crystal elastic constants and parameters used to calculate stress factors F;; and to predict elastoplastic deformation.
Material Critical resolved shear Hardening Self consistent model Model LW
stress To (MPa) — initial value parameter H (MPa) Single crystal elastic Shear modulus Elastoplastic
constants (used also to Ue (GPa) accommodation
calculate F;) (GPa) [24,25] matrix u;
Ci Ciz Caa
Ferritic steel 200 80 231 1344 1164 not used not used
Austenitic stainless steel 200 80 1975 1245 122 80 U3 =z =0 B
u; = 1 for other indexes ij
Table 4

Stress determined using free-surface stress factors for the studied materials. Plastic mismatch stresses were calculated by a self-consistent model for ferrite and LW model for austenite.

Material First order stress (MPa)

Mean second order plastic

incompatibility stress

o'y Oh ol o3 O3 O_gg(pi) (MPa)
(von Mises measure Eq. (7))
Ferritic steel —1240 £ 25 —304 + 3.1 —87+26 —41+11 —-07+1.0 592 + 2.5
Austenitic stainless steel —387+63 —700+79 —199+55 —414+20 —-07+17 81.8 + 8.1
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Fig. 2. DSC signal showing the dependence of heat release vs. temperature for the cold
rolled ferritic steel (85% reduction) during continuous heating with the rate of 20 K/min.

single phase, and only a small contribution of martensite was found in
the austenitic stainless steel.

An X-ray Seifert diffractometer with a chromium tube (for the fer-
rite) and a manganese tube (for the austenite) was used to analyze
the stresses and the crystallographic texture (c.f. Table 2). The radiation
wavelengths were selected taking into account both the minimum fluo-
rescence of iron and the highest possible accuracy of the lattice strains
measurement (a sufficiently large angle of scattering 26 decreases the
uncertainty of the strain measurement [1-3]). The point-focused
beam formed by a circular-shaped collimator with a diameter of

Cold rolled sample

| RD - rolling direction !
TD - transverse dlrcctlon
Fig. 3. Maps of orientations supplied by EBSD technique for the cold rolled (reduction of 85%) and rolled and annealed ferritic steel. The legend shows the basic orientation triangle with
colors assigned to the different orientations of the direction normal to the sample surface.

1.5 mm was applied to measure textures and stresses. The orientation
of the samples with respect to the scattering vector was changed
using a table enabling rotations described by s and ¢ angles (Fig. 1).
To avoid surface effects (i.e., texture and strain heterogeneity near the
surface) a layer with a thickness of 200 um was removed from each
specimen by electropolishing.

To determine crystallographic texture, the pole figures were mea-
sured for ¢ angle in the range between 0° and 65° and for ¢ angle
between 0° and 360°, with an increment of 5° for both s and ¢ angles,
as defined in Fig. 1 (these angles correspond respectively to the rota-
tions a and  usually used for the Euler cradle and to the description
of a pole figure [21]). The ODFs were calculated from the pole figures
{110}, {200}, {211} measured for the ferrite and from the pole figures
{111}, {200}, {220} measured for the austenite. The analysis of the ex-
perimental data was done using the WIMV procedure [22].

Reflections 200,211 and 220, 311 were used respectively to measure
the lattice strains in the ferritic steel and in the austenitic stainless steel
(Table 2). The measurements were conducted for the fixed values of the
angle ¢, equal to 0°, 30°, 60°, 90°, 180°, 210°, 240° and 270° for the fer-
ritic sample, while in the case of austenite ¢ angle was equal to 0°, 45°,
90°, 180°, 225° and 270°. For each value of ¢, the ¢ angle was varied in
the range of sin? ¢ from 0 up to 0.8. In the analysis of experimental data,
the background was approximated by a linear function and subtracted
from the recorded peaks. Then, the peak profiles (K; and K> doublet)
were matched by the pseudo-Voigt function [23] and the interplanar
distances <d(¢, ¥)>ywere calculated from the peak position by

Rolled and annealed sample (t = 400°C)
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Fig. 4. Orientation distribution function for the ferrite subjected to rolling and annealing at various temperatures (sections through Euler space, displaced with an interval of 5° along axis

@, are shown [21]).
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Fig. 5. Vickers microhardness measured for samples of ferritic steel cold rolled and
annealed at different temperatures. The dashed lines depict characteristic temperatures
found in the calorimetric measurements, c.f. Fig. 2.

applying Bragg's law. Finally, the mean equivalent lattice parameters
<a(¢, ¥)>quay were determined for the given hkl reflections and differ-
ent sets of ¢ and ¢ angles defining scattering vector orientations (c.f.
Fig. 1).

To analyze the nonlinear <a(¢, {r)>pi Vs. sin®ys curves, firstly the
nonlinearities observed on these plots and caused by plastic incompat-
ibility stresses must be predicted by the model. As mentioned in the
used method, only the amplitude of nonlinearities is scaled by the q fac-
tor according to Eq. (3). To this end, the model calculations were carried
out assuming plastic deformation on the <110>{111} slip systems for
the f.c.c. structure (austenite) and on the <111>{110} and <111>{112}
slips for the b.c.c. structure (ferrite). The model simulation of
elastoplastic deformation was performed for a set of 10° grains with ori-
entations determined from the crystallographic textures measured for
the cold rolled samples. Using a least square fitting procedure, based
on Eq. (3), the macrostress (i.e. the first order stress o}; and 0,) and
q factor were determined (it was assumed that 053 = 0 due to relaxa-
tion of forces normal to the surface layer penetrated by X-rays). In the
fitting procedure the free-surface X-ray factors F; [8] calculated from
elastic constants of single crystal (Table 3) and experimental ODFs
were used. Next, the second order stresses o /8P were computed
from Eq. (2). Due to differences in grains interactions (for details see
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Fig. 6. The results of fitting theoretical lines to experimental plots (<a(d, y)>au vS. sin’ys) for ferritic steel samples which were cold rolled to a reduction of 85% and annealed at different

temperatures (nonlinear sin“y method). The results for 211 reflection are shown.

[13]) the best fit of the predicted plots to the measured equivalent pa-
rameters <a(¢, ¥s)>(uqy was obtained when the self-consistent model
was used for the ferritic and the LW model was applied for the austenitic
samples. The model parameters are given in Table 3, while the deter-
mined stresses are collated in Table 4. In the case of second order stress,
the mean equivalent von Mises stress 0.q was calculated for all grains
using the formula:

1
2

1
Oeq = E {((r“ —09)% + (011—033)% + (022 —(r33)2} + 3{((712)2 +(013)? + (033)? H

(7)

4. Evolution of microstructure and stresses during annealing

This section presents the results of residual stress and micro-
structure studies performed for cold rolled steels subjected to annealing
at different temperatures.

4.1. Ferritic steel

The calorimetric measurements in the temperature range 120 °C-
680 °C were conducted for the cold rolled ferritic steel using the DuPont
910 DSC — differential scanning calorimeter. In the second part of exper-
iment, the series of isothermally annealed samples were prepared for
the microstructural and X-ray studies. Microstructures at the samples'
surfaces were investigated on the scanning electron microscope (Philips
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plastic mismatch stress u’e’g(p'), b) von Mises stresses calculated for the first (oleq) and the mean plastic incompatibility (u’e%(p')) stresses.

XL 30) using the electron back scattering diffraction (EBSD) technique.
Subsequently, the Vickers microhardness was measured in accordance
with the ASTM E-384 Test Method, and finally the crystallographic tex-
tures and the residual stresses were determined from X-ray diffraction
measurements, using the methodology described in Refs. [6-9].

4.1.1. Calorimetric measurements

The dependence of heat released by the cold rolled ferritic steel sam-
ple versus temperature during constant heating with the rate of 20 K/
min are shown in Fig. 2. One large exothermic thermal effects on the
DSC curve is visible between 360 °C and 600 °C. The effect reveals a com-
posed structure with the main maximum at 490 °C and two additional
low maxima at about 400 °C and 580 °C. All the pronounced exothermic
effect should be related to the recrystalization and grains' growth pro-
cesses, with the kinetic maximum at 490 °C and completely finished
at about 600 °C. It can be noticed that at the beginning of this exother-
mic process the released heat slowly increases with temperature,
which may be related to the ordering of the crystal lattice defects during
the recovery process (300 °C-400 °C).

4.1.2. EBSD measurements

The lattice orientations of the grains were determined at the nodes
of a grid with cell size 0.5 um = 0.5 um, using the EBSD technique for
the series of ferritic samples (cold rolled and isothermally annealed dur-
ing 30 min at different temperatures). Selected crystallographic orienta-
tion maps are shown in Fig. 3, where the orientations of the normal to
the rolled sheet with respect to the crystal frame are presented. The
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thicker lines represent so-called wide-angle boundaries separating
grains with lattice misorientation greater than or equal to 15°, while
the thin lines are drawn for low angle boundaries of subgrains with mis-
orientation of crystallographic lattice in the angular range: 2°-15°. Ana-
lyzing Fig. 3, it can be concluded that directly after plastic deformation
the studied material contains a large number of relatively small
subgrains, and the grains are elongated along the rolling direction (RD).

The microstructure does not change significantly after annealing at
temperatures lower than 400 °C, i.e., the heat release starting from a
temperature of 300 °C, observed during the calorimetric measurement,
can be related to the recovery process. Distinct changes of the micro-
structure in the annealed samples are visible after annealing at a tem-
perature of 600 °C, when the sample was completely recrystallized.
This agrees with the ending temperature of recrystallization deter-
mined by the calorimetry and no significant changes in the microstruc-
ture were noticed after annealing at a temperature of 800 °C. The
dimensions of the recrystallized grains do not exceed several tens of a
micrometer. It should be noted that in spite of the fact that isothermal
processes proceed in a different way than during constant heating rate
experiments, the temperature ranges determined with DSC experi-
ments agree well with the above-presented EBSD results.

4.1.3. Crystallographic texture

Fig. 4 provides the ODFs for cold rolled and subsequently annealed
samples calculated from pole figures measured using the Cr X-ray
tube (see Table 2) [13]. The obtained result proves that the texture did
not change for an annealing temperature up to 400 °C, while significant
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Fig. 8. Changes of peak widths versus temperature of annealing for the ferritic steel samples.
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rolled up to a reduction of 70%. Continuous heating with the rate of 10 K/min was applied.

changes are observed only for the samples annealed at temperatures of
600 °C and 800 °C, i.e,, after recrystallization. This is consistent with the
results of the calorimetric and EBSD measurements and indicates that
recrystallization occurred at the temperature higher than 400 °C and
finished at about 600 °C. Therefore, the study of texture evolution con-
firms the results obtained so far; however, it does not provide additional
information regarding the recovery process, during which no change in
grain orientation is observed.

4.1.4. Microhardness

Similar conclusions as in the case of EBSD measurements and
measurements of texture can be drawn from an analysis of the hard-
ness evolution as a function of annealing temperature (Fig. 5). The
hardness of the non-annealed sample and those annealed at 200 °C
and 400 °C is almost identical (the effects of recovery are not seen),
and a significant decrease of hardness is observed in the temperature
range 400 °C-600 °C, due to the recrystallization process. Moreover,
the hardness measurements confirm that 50% of material is recrys-
tallized at about a temperature of 500 °C, as was also observed in
the DSC experiment.

4.1.5. Diffraction measurements of the peak width and residual stresses
The tests which are one of the main goals of the present study con-

cern the variation of the first and the second order stresses due to ther-

mal treatment. The nonlinear sin®yy method used in this paper was
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Fig. 11. Diffractograms obtained for cold rolled austenitic stainless steel after isothermal
annealing for 120 min at different temperatures. An X-ray tube with a Co anode
(Nke1 = 1.78897 A and N\gao = 1.79285 A) was used.

tested previously for cold rolled and annealed samples (see [13]).
Fig. 6 shows the experimental and theoretical plots of <a(¢, Y)>(n Vs.
sin®y for the 211 reflection and various annealing temperatures, mea-
sured using Cr radiation (the conditions are given in Table 2). It was
found that at 200 °C the slope of graphs decreased, indicating a reduc-
tion of the first order stress. At 400 °C the nonlinearities on the <a(¢,
U)>(hiiy VS. sin?y, caused due to the plastic mismatch stresses, also
started to decrease and they completely disappeared at 600 °C.

The quantitative evolution of the stress as a function of annealing
temperatures is shown in Fig. 7. In this figure the main components of
the first order stress of; are presented together with the average equiv-
alent von Mises stress 0b£) calculated by applying Eq. (7) for the plas-
tic mismatch second order stress (Fig. 7a). In Fig. 7b, the second order
equivalent stress 05" is compared with the equivalent first order
stress oﬁ,q, calculated also from Eq. (7) but for the o{j stresses.

Analyzing the quantitative results of stress analysis, it can be ob-
served that the plastic incompatibility stress in the cold-rolled ferritic
sample was twice as small compared to the macroscopic stress, c.f. the
von Mises measure shown in Fig. 7b. After annealing at 100 °C, the
state of stress does not change. Annealing at 200 °C led to an important
reduction in the first order stress oiq, while the plastic incompatibility
stress 0b£P) did not change. Only at 400 °C are the substantial decrease
in stress of the second order o’e’g("” and the subsequent relaxation of
macrostress 055" observed. The latter effect can be correlated with
the strong decrease of the diffraction peak width (FWHM) visible in
Fig. 8, as well as with a noticeable exothermic process observed in the
calorimetric measurements (Fig. 2).

It was found that the stresses of the first (oleq) and the second order
(o’e'g(l’”) completely relaxed in the samples annealed at temperatures of
600 °C and 800 °C, for which the recrystallization was finished. A small
value of about 20 MPa of the residual stress oleq was caused by the stress
gradient occurring during cooling of the specimen after annealing. It can
be concluded that stress measurements showed the highest sensitivity
on microstructure evolution in comparison with the previously used re-
search techniques, and provided new information on the processes oc-
curring in the sample. They showed that thermal processes cause
macroscopic stress relaxation even during annealing at so low a temper-
ature as 200 °C. Relaxation of the first order stresses proceeds during the
recovery. Also, as has been shown, the plastic second order mismatch
stress relaxed at a higher temperature than the first order stress,
i.e., around 400 °C. At this temperature a considerable reduction of the
crystal lattice defects occurred, causing a slight decrease of the diffrac-
tion peak width. Moreover, at this stage the recovery process caused
the heat release which was registered in the calorimetric measure-
ments. One can also state that, after recrystallization (at 600 °C), the in-
ternal stresses produced during the cold rolling process are fully
relaxed.
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4.2. Austenitic stainless steel

Similarly as for ferritic steel, calorimetric measurements were per-
formed for cold rolled austenitic stainless steel (AISI 316L) with use of
the differential scanning calorimeter DSC Netzsch 404 F1 Pegasus. In ad-
dition, the EBSD maps (FEI Versa 3D Dual Beam FIB/SEM), Vickers hard-
ness, crystallographic texture and residual stresses were determined.
Moreover, variation of the ferromagnetic phase fraction (martensite)
was characterized by the magnetization measurements using a
Permeameter MP-100 produced by R&] Measurement.

4.2.1. Phase transformations — calorimetric, magnetic and X-ray diffraction
measurements

The results of the calorimetric measurement performed for the cold
rolled austenitic stainless steel (see Fig. 9) show that the process of
energy release during heating is much more complicated compared to
the ferritic steel (c.f. Figs. 9 and 2). In addition to the recovery and

recrystallization processes, the phase transformations such as precipita-
tion of carbides, the intermetallic phases y, o and 1), and the reverse
martensitic transformation [26] must also be considered in austenitic
stainless steels. Such precipitation processes — which are exothermic
transformations — were described for example by Weiss and Stickler
[27], Wasnik et al. [28] and Plaut et al. [29]. The precipitation of interme-
tallic phases requires an annealing time much longer than the isother-
mal annealing time of 2 h which was used in the present study.
Therefore, precipitation of this kind should have no influence on the re-
sults of the calorimetric measurements as well as other studies carried
out in this work. However, reverse martensitic transformation [30,31]
may occur in the examined steel AISI 316L. A small content ca. 0.3% of
a martensite was estimated in the initial sample from the magnetic
measurements. It was found that the fraction of martensitic phase de-
creased rapidly with the temperature of annealing (Fig. 10). This result
shows that the endothermic effect between 400 °C and 750 °C observed
in the calorimetric measurement (Fig. 9) can be interpreted as the re-
verse martensitic transformation.
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Fig. 13. Orientation distribution functions obtained for samples of austenitic stainless steel, cold rolled and annealed at different temperatures (sections through Euler space displaces with

increment of 5° along axis ¢, are shown [21]).

Analyzing Fig. 9, it can be concluded that the first exothermic trans-
formation, occurring at a temperature of about 550 °C, can be caused by
the precipitation of M,3Cg type carbides [28]. The rapid evolution of
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Fig. 14. Vickers microhardness measured for samples of austenitic stainless steel cold
rolled and annealed at different temperatures. The dashed lines depict characteristic
temperatures found in the calorimetric measurements, c.f. Fig. 9.

carbides in the steels type 316L, undeformed or after small plastic defor-
mation, occurs at temperatures of 550 °C-800 °C, however a large defor-
mation of the material speeds up the process significantly [27]. The four
steps of nano-precipitation process occurring in the grain boundaries
were described by Wasnik et al. [28]. In the austenite studied in this
work, the precipitation of the M,5Cg carbides was confirmed by X-ray
diffraction measurements. As seen in Fig. 11, the diffraction peaks corre-
sponding to the presence of M,3Cg carbide appear for the sample
annealed at 500 °C and slowly disappear with increasing temperature
of the annealing.

According to Spruiell et al. [32], the recrystallization in the steel 316L
proceeds slowly and its beginning is much delayed. Indeed, the calori-
metric measurements (Fig. 9), show a maximum of exothermic peak
at 800 °C, which is overlapped by the next peak with a maximum at
about 1050 °C, i.e., the exothermic processes at these temperatures
may result from the recrystallization which occurs slowly in two stages
at high temperatures.

In the present study, the thermal effect linked with the recovery pro-
cess was not clearly observed in the calorimetric studies. This indicates
that the recovery is slow and accompanied by the releasing of a small
amount of heat. The reason for the decreasing of the recovery rate is a
small value of the stacking fault energy for 316L steel (SFE is about
28 1073 J/m?, according to [32,33]). In alloys having a low stacking
fault energy, the dislocations form relatively wide dislocation ribbons
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Fig. 15. Changes of peak widths versus annealing temperature determined for the cold rolled austenitic samples.

composed of partial dislocations separated by the stacking faults. This
prevents or significantly impedes phenomena such as climbing and slip-
ping of the lateral dislocations, which in turn slows down the recovery
process [5].

4.2.2. Examination of the microstructure using EBSD technique

The study of the microstructure performed for the deformed and
annealed austenitic stainless steel (see EBSD maps in Fig. 12) confirmed
the results of the calorimetric measurements. The thicker black lines on
the orientation maps represent boundaries between separate grains
with lattice misorientation greater or equal to 10°, while thin red lines
are drawn for low angle boundaries with misorientation of crystallo-
graphic lattice in the angular range of 2°-15°. It was found that in the
case of the cold rolled austenitic stainless steel with a low value of SFE
the EBSD orientation maps are very difficult to measure. An analysis of
the Kikuchi bands failed for this sample in the predominant areas due
to a high density of lattice defects density. A similar situation also oc-
curred in the case of the sample annealed at 400 °C, but for the material
annealed at 650 °C the areas of identified orientations slightly increased
due to a reduction of defects density. This may indicate that in the sam-
ple annealed at 650 °C the process of recovery occurred.

A fundamental change of microstructure occurred after isothermal
annealing at 850 °C, i.e., at a temperature slightly higher that the exo-
thermic effect determined in the DSC measurements with the peak tem-
perature at 800 °C. The grains significantly elongated in the rolling
direction (RD) after cold rolling transformed into smaller, approximate-
ly equiaxed ones, characteristic for the primary recrystallization process
which occurs in metals containing precipitates of the other phases [5]
(Fig. 12, t = 850 °C). The sample annealed at 1070 °C exhibited very
large recrystallized grains with the distinct recrystallization twins
(Fig. 12, t = 1070 °C). Such large grains indicate the advanced process
of recrystallization growth. The last result corresponds to the calorimet-
ric measurement, showing exothermic effect with the maximum att =
1050 °C. It is also consistent with the literature, e.g., similar austenitic
grain growth at a temperature of about 1100 °C was observed by Plaut
[29]. The relatively high value of recrystallization temperature obtained
for the cold rolled AISI 316L steel was also determined by other authors.
For example, Donadille et al. [34] found that full recrystallization of this
steel subjected to the cold rolling reduction of 40% requires annealing
during 2 h at a temperature of 900 °C. According to Herrera et al. [31]
50% of the volume of the same steel but cold rolled up to a reduction
of 90%, recrystallizes after annealing at 800 °C during 1 h.

Finally, the presence of carbides in the annealed samples was con-
firmed by the EBSD image quality maps and indexed Kikuchi patterns
showing the M33Cg and M5C3 carbides in the deformed and annealed
material.

4.2.3. Crystallographic texture

Fig. 13 provides ODFs for cold rolled and subsequently annealed
samples calculated from pole figures measured using the Mn X-ray radi-
ation (conditions are given in Table 2). The texture characteristic for the
cold rolled f.c.c. metals with low value of SFE (called brass texture) was
determined for the deformed material. The texture almost did not
change during annealing, even when recrystallization occurred. After
recrystallization at 850 °C the measured ODF was practically the same
as directly after rolling and, what is more, the major components of
ODF did not change even after annealing at 1070 °C, corresponding to
significant growing of the recrystallized grains. It can be also observed
that the cubic component of the texture, usually characteristic for re-
crystallization texture of rolled f.c.c. metals [5], did not appear. The
only important change that occurred at 1070 °Cis a significant perturba-
tion of the ODF contours, resulting from a smaller number of crystallites
participating in the diffraction (due to grain growth confirmed by EBSD
measurements, c.f. Fig. 12). It can be concluded that in the tested
samples of austenitic stainless steel, the significantly delayed recrystal-
lization process leads to growing of the grains having unchanged orien-
tations, i.e., the texture is the same as in the cold rolled material.

As it was stated by Chowdhury et al. [35], the reason of the retention
of rolling texture and delay of the recrystallization process in annealed
cold rolled 316L steel remains unclear. Such behavior is commonly at-
tributed to the strong solute effect of Mo. It was suggested by Engler
[36] that the recrystallization is delayed due to the retardation of the nu-
cleation rate as well as hindrance to the migration of high-angle grain
boundaries. Alloying elements (in this case Mo) in the solid solution
strongly influence the progress of recrystallization by significantly
slowing down the motion of grain boundary. Another observation pre-
sented by Donadille et al. [34] shows that the retention of the rolling
texture is caused by the discontinuous recrystallization and lack of in-
teraction between recrystallization front and precipitating particles.
The retention of the rolling texture during annealing may also be ex-
plained by the extended recovery, causing the deformed substructure
to undergo homogeneous recrystallization without nucleation [31].

4.2.4. Microhardness

Changes in hardness of austenitic stainless steel in the function of
annealing temperature (Fig. 14) confirm the results of calorimetric
and microscopic measurements. It can be concluded that during anneal-
ing up to temperature 500 °C hardness of the material does not change
significantly. It can be also observed that for temperatures lower than
500 °C, the evolution of hardness is not correlated with significantly de-
creasing martensite contents (c.f. Figs. 10 and 14). A slight decrease in
hardness for annealing temperatures of 600 °C and 650 °C can be
explained by recovery as well as reverse martensite transformation. A
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significant decrease of the hardness after annealing at 850 °C corre-
sponds to the recrystallization, and then grains growth, after annealing
at a temperature of 1070 °C, caused a slight decrease in hardness (c.f.
EBSD maps in Fig. 12).

4.2.5. Diffraction measurements of the peak width and residual stresses
The Mn (c.f. Table 2), Cu (ka1 = 1.54060 A and Ngan = 1.54443 A)
and Co (Nga1 = 1.78897 A and Ngqo = 1.79285 A) X-ray radiation were
used to determine the variation of the width of the diffraction peaks.
The results shown in Fig. 15 are fully correlated with the evolution of

microhardness (Fig. 14). The only difference is a more significant
decrease in the FWHM compared to the small changes in the microhard-
ness during recovery, i.e., at the temperature range between 600 °C and
650 °C. It can be concluded that microhardness of the austenitic sample
is mostly influenced by the dislocation density, which also affects the
width of the diffraction peaks.

The results of residual stress measurements using X-ray diffraction
(Mn tube — see Table 2) are shown in Fig. 16, which summarizes the
theoretical and experimental curves of <a(¢, ¥#)>guu; Vs. sin®ys corre-
sponding to different temperatures of annealing [13]. The obtained
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results indicate that the relaxation of the macrostresses proceeded at
500 °C (the slopes of plots decreased), while the plastic mismatch
stresses started to relax at higher temperatures as the non-linearity of
curves decreased significantly at 650 °C.

The main components of the macroscopic stress tensor and average
equivalent von Mises stress (Eq. (7)) are presented in Fig. 17a, while the
evolution of the equivalent von Mises stresses calculated for both types
of the stress are shown in Fig. 17b. For the cold-rolled austenitic stain-
less steel, the macroscopic stress 0b, was smaller than the plastic incom-
patibility stress 0%, unlike in the case of ferritic steel (Fig. 7). For the
annealed samples, residual stresses practically do not change until the
temperature of 400 °C.

At a temperature of 450 °C a significant reduction in the first order
stress o’eq occurred and a slight decrease in the plastic stress mismatch
04 could be noticed. A distinct reduction of the stress 0% is visible
for the sample annealed at 600 °C. For this sample, the macroscopic
stress decreased to a small value probably corresponding to the stresses
generated during cooling of the sample after annealing process.

Analyzing Figs. 17, 14 and 15 it can be concluded that the decrease in
the plastic mismatch stress oh$P) correlates well with the changes in
microhardness of samples and with changes in the defects density, indi-
cated by the FWHM evolution. On the contrary, the first order stress 0%,
relaxed at lower temperatures, indicating the start of the recovery pro-
cess similarly as for the ferritic steel. The latter effect was not seen in the
measurements performed in this work using the other experimental
techniques.

4.3. Comparison of processes occurring in the studied steels

Comparing the processes in both studied steels, it can be concluded
that the recovery process occurs significantly slower in the austenite
than in the ferrite steel. Because of the significantly delayed recrystalli-
zation in the austenitic sample both the slow softening of the material
and a decrease in the dislocation density during annealing were ob-
served. In the case of ferritic steel, peak width decreased rapidly just be-
fore recrystallization, indicating the intensification of the recovery
process. However, the reduction in dislocation density (which results
in the reduction of the diffraction peak width) was not associated
with the decrease in hardness of the ferritic steel.

The different intensities of the recovery process can be explained
through two types of dislocation movement: nonconservative (climb)
and conservative (slip/twinning). A higher value of the stacking fault
energy leads to more difficult dissociation of perfect dislocation into

two partial dislocations, therefore it facilitates dislocation climb and
cross slip. In metals such as ferrite the recovery process is separated
from the recrystallization as it occurs at lower temperatures. In metals
with a low value of SFE such as the investigated austenitic stainless
steel, climb and cross slip are restricted because of dislocation dissocia-
tion. Therefore, the recovery occurs at higher temperatures, often simul-
taneously with the recrystallization [5]. However, in the case of the
studied austenitic stainless steel, a significant delay of recrystallization
leads to the separation of both processes.

The recovery process changes the diffraction peak width, and in
some cases influences the hardness of the sample. However, these
changes are often quite small and difficult to observe. Only residual
stress measurement clearly shows the processes which can be consid-
ered as the beginning of recovery. In the studied samples a very distinct
stress relaxation, preceding such effects as diffraction peak broadening
or material softening, was observed. Moreover, in all cases the relaxa-
tion of the macrostress 0}; appears at lower temperatures in comparison
with the release of the plastic mismatch stress oj£ ). It follows that the
relaxation of these stresses during recovery should be explained in a dif-
ferent way. Macrostresses (0};) caused by the interaction of large vol-
umes of the sample can relax at lower temperatures, e.g., due to the
polygonization effect. During this process, the thermally activated mo-
tion of dislocations leads to the formation of low angle boundaries di-
viding the polycrystalline grains into subgrains. This process does not
cause a decrease in the dislocation density large enough to decrease sig-
nificantly the diffraction peak width. In the studied samples a consider-
able relaxation of macrostresses (0};) occurs at 200 °C for the ferritic
steel and at 450 °C for austenitic stainless steel, while the changes of
the peak width was not observed at these temperatures.

Plastic mismatch stresses 042" relax in a different way. They begin
to decrease at a higher temperature and relax slower than macro-
stresses 0} (c.f. Figs. 7 and 17). Strongly anisotropic second order stress
(0#EPD) is generated by a mismatch between grains having different lat-
tice orientations and separated by the high angle boundaries. To relax
such stresses, higher temperatures allowing more significant rebuilding
of the dislocation microstructure, including the annihilation of disloca-
tions, are required. Such an effect is clearly visible for all the investigated
materials, for which the relaxation of 0" was associated with a slow
and continuous decrease in dislocation density, as was evidenced by the
decrease of the diffraction peak width.

Interesting effects were also observed at the beginning of the recrys-
tallization. For both investigated steels macrostresses o} relax entirely,
and second order stresses O{}g“’” almost entirely before recrystallization.



As mentioned previously, in the case of ferritic steel (comparatively
high value of SFE) recovery occurs at quite a low temperature due to
the high mobility of dislocations. On the other hand, despite the slow re-
covery in the austenite (low value of SFE), the stresses have enough time
to relax before much delayed recrystallization.

The beginning of recrystallization is associated with decrease of the
FWHM up to the minimum value resulting from the apparatus factor
and finite size of the grains. A little more advanced recrystallization
causes a significant reduction in the material hardness. In the case of fer-
ritic steel, the crystallographic texture also changes at the beginning of
recrystallization. This phenomenon, however, is not a general rule, as
seen in the case of austenite for which the texture does not change
even during advanced recrystallization.

5. Discussion and conclusions

Different methodologies used to study changes occurring during the
processes of recovery and recrystallization show the evolution of vari-
ous properties of the samples. Only a comprehensive study using multi-
ple methods may provide a full picture of the processes occurring
during thermal treatment of the studied materials. The DSC methods
allow for determining the temperature ranges in which the exothermic
processes associated with the recovery and recrystallization occur. It is
difficult, however, to separate these processes from structural transfor-
mations, e.g., precipitation of other phases. Moreover, it is not easy to
notice the recovery process as it is accompanied by the release of a
small amount of heat taking place gradually over a wide range of tem-
perature. On the basis of microhardness measurement, the recrystalliza-
tion temperature can be determined, and in some cases these
measurements also allow for the observation of the advanced recovery
process, as in the case of the studied austenitic stainless steel.

The effect of recrystallization is visible on the EBSD orientation maps
due to clear microstructure changes, but the recovery process is not
seen in this investigation. The recovery does not noticeably affect the
crystallites orientation, but usually the texture changes in the course
of recrystallization. The exception was austenitic stainless steel exam-
ined in this work. The recovery may be detected by measuring the dif-
fraction peak width which decreases as a result of annihilation of
defects and evolution of their structure in the material.

An important result of this work is the observation that the residual
stresses can be considered as the phenomenon most sensitive to small
changes in the microstructure. Their relaxation occurs at the beginning
of recovery at temperatures at which other techniques used in this work
cannot detect any microstructure changes. Moreover, as has been dem-
onstrated, only the stress analysis allowed for distinguishing the two
stages of the recovery process. During the first step, the first-order stress
o}; relaxes due to slight modification of the dislocation structure. In the
following step, the relaxation of the plastic mismatch stress (ofE%") is
caused by the substantial reconstruction of the microstructure due to
annihilation and re-arrangement of the dislocations.
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