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during Welding of High-Alloy Steels Using
Energy-Dispersive X-Ray Diffraction

Nico Hempel (>, Thomas Nitschke-Pagel, Manuela Klaus, Daniel Apel, Christoph Genzel, and Klaus Dilger

Constrained thermal expansion and contraction during welding cause a compression-tension cycle and
plastic deformation in the heat-affected zone, leading to work hardening. The nature of this hardening
effect—isotropic or kinematic—determines the final local yield stress and thus affects the residual stress
state. Therefore, mechanical hardening must be modeled correctly in welding simulations for accurately
predicting welding residual stresses. Previous studies, relying on comparisons with experimental ex situ
results, led to different recommendations regarding the choice of the hardening model and thus require
clarification. In this work, the stress evolution in the heat-affected zone of a tungsten inert gas weld is
studied in situ using energy-dispersive x-ray diffraction and a novel method of stress analysis based on
crystallite anisotropy. Additionally, microstructural information is gathered through line profile analysis.
Results are shown for both austenitic and ferritic high-alloy steels and compared to ex-situ results including
a validation of the new method of stress analysis. Finally, conclusions on the nature of work hardening are

drawn.

Keywords austenitic steel, diffraction elastic constants, ferritic
steel, in-situ analysis, residual stress, welding, X-ray

diffraction

1. Introduction

Fusion welding is characterized by a temperature field that is
inhomogeneous in both space and time. The highly heated
material expands, but is mechanically constrained by surround-
ing cooler material, which causes compressive stress and plastic
deformation in the former. Due to the resulting incompatibil-
ities, thermal shrinkage during cooling then leads to tensile
stresses and again plastic deformation. In the heat-affected zone
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(HAZ), where temperatures are high but below the solidus
temperature, the thermal cycle therefore causes cyclic plastic
deformation, see, e.g. (Ref 1) for a more detailed description.

In numerical welding simulations used for computing
residual stresses and distortion, the material model must
contain assumptions on the nature of work hardening resulting
from the cyclic plastic deformation. For isotropic hardening, the
hardening effect obtained in an arbitrary load direction is valid
for all directions, whereas kinematic hardening leads to
hardening in the load direction, but to softening in the opposite
direction, most notably observed in the well-known Bauschin-
ger effect, see, e.g. (Ref 2). Also, mixed models that combine
both characteristics are known, such as (Ref 3). Due to the
cyclic plastic deformation during welding, using a realistic
material model is important for correctly computing the local
yield stress and thereby the residual stress state.

Several authors have investigated the question which
hardening model should be used in welding simulations by
comparing the results of numerical simulations to experimen-
tally analyses residual stresses. In a round robin organized by
the International Institute of Welding, a two-pass weld on an
austenitic steel plate was analyzed and it was found that the
purely isotropic model agreed best with experimental results
(Ref 4, 5). Several notable activities were conducted by the
Network on Neutron Techniques Standardization for Structural
Integrity (NeT), e.g., investigating an austenitic one-pass or
three-pass weld, see the summaries by Smith et al. in (Ref 6, 7),
respectively. Here, a mixed model containing both isotropic and
kinematic characteristics was recommended. The same result
was obtained by Deng et al. (Ref 8) for austenitic steel and by
Ottersbock et al. (Ref 9) and Héberle et al. (Ref 10) for
structural steel. However, previous own work that considered
not only the residual stress state, but also the hardening in terms
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of the microstrain, revealed a mainly isotropic character of the
hardening in austenitic steel (Ref 11).

The disparity of the existing studies, which all relied on
experimental data that was acquired ex situ, i.e., after welding,
shows that further research is necessary for clarification. The
main aim of this work is to study the evolutions of stress and
work hardening in situ during welding at a synchrotron.

To this end, energy-dispersive x-ray diffraction (EDXRD)
will be used. One of the main applications of EDXRD is the
analysis of near-surface stress gradients due to the energy
dependence of the penetration depth of the x-rays (Ref 12).
However, EDXRD has also been used for in situ investigations,
e.g., of the phase evolution during welding (Ref 13), or for
quantitative analyses of the dislocation density (Ref 14). In this
work, the stress evolution will be studied using a recently
published method (Ref 15), which exploits the elastic
anisotropy of the crystallites. Through the computation of
relative strains between differently oriented grains and the
differences in the diffraction elastic constant A(2S,"™), the
average in-plane stress o can be computed without exact
knowledge of the stress-free lattice parameter a,. Since this so-
called transverse contraction method is applied for the first
time in this work, this paper is dedicated both to a practical
validation of the method by comparing the results to those
obtained by the conventional sin*}y method, and to analyzing
the effects of the welding process on the evolutions of stress
and work hardening.

2. Experimental Work

2.1 Materials and Sample Preparation

Samples were made of the metastable austenitic steel
X2CrNil8-9 (1.4307/AISI 304L) and the ferritic steel
X6Cr17 (1.4016/AISI 430), see the chemical compositions in
Tables 1 and 2.

Both steels arrived in sheets of 10 mm thickness in hot-
rolled condition. From these, plates of dimensions 200 x 150 x
10 mm® were cut. In order to reduce near-surface hardening
effects and residual stress from the sheet production, the
samples were heat-treated at 1050 °C for 12 min (X2CrNil8-9)
or at 800 °C for 20 min (X6Cr17). During heat treatment, the
samples were wrapped in anti-oxidation foil and the furnace
was flushed with Argon. Afterward, the samples were cooled in
forced air. The heat treatment caused a slight reduction in
strength, see Tables 3 and 4. Moreover, anisotropic mechanical
properties were observed in X6Crl7, see Table 4.

2.2 Welding

Mechanized tungsten inert gas (TIG) welding without filler
metal was used for bead-on-plate welding, i.e., locally melting
the plate material. The welding current and voltage were 200 A
and 13,7 V, respectively, and the welding speed was 20 cm/

min, yielding a nominal heat input of 8.2 kJ/cm. A mixture of
each 50 % Argon and Helium was used as a shielding gas.

A 190 mm long weld bead was applied at the center of the
plate, parallel to its long edge. During welding, the plate was
seated loosely on three balls made of ZrO,, one of which was
placed below the zone of the in-situ measurements to keep it in
place despite the distortion occurring during the welding
process. Figure 1 shows the welding setup and the coordinate
system.

In an identical ex-situ welding setup outside the syn-
chrotron, temperature measurements with type K thermocou-
ples were conducted at mid-length of the weld at different
lateral distances. The data was synchronized with the syn-
chrotron measurements.

2.3 Diffraction Measurements

All diffraction measurements were conducted at the former
beamline station EDDI (Ref 16), optimized for energy-disper-
sive measurements, at the BESSY II electron storage ring
operated by the Helmholtz-Zentrum Berlin fiir Materialien und
Energie.

For the in-situ measurements, the welding setup described in
2.2 was tilted by 5° due to the invariably horizontal primary
beam of the synchrotron, see Fig. 2. For each sample, one
single area in the base material near the molten zone was
observed throughout the welding process and subsequent
cooling at mid-length of the weld (y = 100 mm) at a distance
of x =7 mm or x = 9 mm from the weld centerline, i.e., about
1.7 and 3.7 mm away from the weld toe, see also Fig. 1. The
size of the gauge volume was defined by 2D double slits in both
the primary and secondary beam path. The primary beam was
confined to a cross-section of 1 x 1 mm? whereas the
secondary beam was only limited in height to 0.1 mm. The bar-
shaped gauge volume was completely immersed into the
specimen. The diffraction angle was chosen to be 20 = 10.25°,
yielding a tilt angle {y ~ 0°, i.e., the diffraction vector was
nearly normal to the sample surface.

The diffraction spectrum of the originally “white” x-ray
spectrum was recorded by an energy-dispersive detector in
fixed position. The integration time of each diffractogram was
1 s for the first 300 s of a single experiment, including 57 s of
welding and the first cooling stage. Afterward, diffractograms
were integrated for 5 s within the next 300 s and for 10 s
during the remainder of the experiment. Overall, every sample
was observed for at least 1800 s. For a more reliable analysis of
microstructure and stress, a moving integration was used,
summing up the intensities of three consecutive diffractograms
at any one time.

Additionally, diffraction measurements were conducted after
welding, which is referred to as ex situ in the following. Here,
several points at the sample surface along a line perpendicular
to the welding direction, see Fig. 1, were analyzed for 60 s
each, using a primary beam cross-section of 0.5 x 0.5 mm?” and
a secondary beam height of 0.03 mm. The diffraction angle was

Table 1 Chemical composition of X2CrNil8-9 (1.4307) in wt.%; other elements each < 0.04 wt.%

C Si Mn Cr Mo

Ni Co Cu \% N Fe

0.020 0.33 1.77 18.23 0.28

7.97 0.19 0.39 0.06 0.07 70.57

7660—Volume 33(15) August 2024

Journal of Materials Engineering and Performance



Table 2 Chemical composition of X6Cr17 (1.4016) in wt.%; other elements each < 0.02 wt.%.

C Si Mn Cr Mo Ni Co Cu A\ N Fe
0.065 0.48 0.41 16.42 0.03 0.11 0.02 0.05 0.10 0.05 82.23
Table 3 Mechanical properties of X2CrNil8-9 at room temperature in rolling (0°) and transverse (90°) directions
Hot-rolled (as received) After 1050 °C for 12 min
Quantity/unit 0° 90° 0° 90°
a,/MPa 322 +£2 322+ 6 305 + 8 302 + 1
UTS/MPa 700 £ 5 708 £+ 4 687 £ 1 680 £+ 4
Fracture strain/% 75.6 £ 6.2 76.8 &+ 3.5 753 £ 1.8 729 £ 1.5
E/MPa 193850
Poisson ratio 0.282
Table 4 Mechanical properties of X6Cr17 at room temperature in rolling (0°) and transverse (90°) directions.
Hot-rolled (as received) After 800 °C for 20 min
Quantity/unit 0° 90° 0° 90°
a,/MPa 264 + 1 292 +£2 251 £ 2 274 £ 3
UTS/MPa 424 £ 2 474 £ 1 417 £2 463 £ 4
Fracture strain/% 404 £ 2.2 292 £ 0.6 313+ 1.3 28.0 £ 1.7
E/MPa 209450 229300
Poisson ratio 0.242 0.278

ex situ

10

Fig. 1 Sample geometry, coordinate system and locations of in situ
and ex situ analyses. Temperatures at the in situ measurement
locations have been determined outside of the synchrotron

set at 20 = 16° and nine tilt angles of i = 0°, 18.43°, 26.57°,
33.21°, 39.23°, 45°, 50.77°, 56.79° and 63.43° were used,
resulting in values of sin? Y =0 ... 0.8. Here, the bar-shaped
gauge volume was immersed into the specimen until half its
height.

2.4 Analysis of Microstructure

The crystallite size D and microstrain e were determined by
line profile analysis according to the method by Thompson,
Cox & Hastings (Ref 17) adapted for energy-dispersive
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measurements (Ref 18). For the austenitic steel X2CrNil8§-9,
the reflections at the families of lattice planes {111}, {200},
{220} and {311} at y = 0° were analyzed, whereas for the
ferritic steel X6Crl17 {110}, {200}, {211} and {220} were
used. Each diffractogram was corrected for detector dead time,
the energy-dependent wiggler spectrum (Ref 16) and the
storage ring current. The background intensity of the single
peaks was subtracted using a linear fit function and the peaks
were fitted by a pseudo-Voigt function. From the measured
peak parameters, the instrumental parameters were subtracted,
which have been determined with the LaBg standard reference
material 660b by NIST (Ref 19). Only physically meaningful
results with O0nm < D < 1000 nm and e¢ > 10°* were
considered.

From the crystallite size and microstrain, the dislocation
density p was determined according to Williamson and
Smallman (Ref 20).

2.5 Stress Analysis

During welding, the in-plane stress o) was determined using
the transverse contraction method (Ref 15). To this end, the
same reflections were used as for the microstructure analysis,
complemented by {222} or {310} for X2CrNil8-9 and
X6Crl7, respectively. For each reflection at i = 0°, the
normalized lattice distance af/‘,k:]()c over time was determined
and smoothed by a Savitzky-Golay filter before stress compu-
tation. The diffraction elastic constants (DEC) S;"™¥ at room
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Fig. 2 Side view of in situ measurement setup (not drawn to scale)

temperature were computed from the single crystal elastic
moduli of austenite and ferrite given in (Ref 21), see Table 5,
initially using the model of Eshelby/Kréner (Ref 22, 23) and
are listed in Tables 6 and 7. Since no DEC were available at
higher temperatures, temperature-dependent literature values of
the bulk elastic modulus were used to scale the DEC according
to the time-dependent temperature at the point of measurement:

E(T = 20°C)

hle: hle:20 .

(Eq 1)

Here, S lhkl(T =20 °C) are the DEC at room temperature as
given in Tables 6, 7, 8 and 9, E(T = 20 °C) is the bulk elastic
modulus at room temperature and E(7) is the temperature-
dependent bulk elastic modulus, where both E(7 = 20 °C) and
E(T) are taken from (Ref 24, 25) for austenite and ferrite,
respectively.

For the ex situ measurements, the residual stresses in both
longitudinal and transverse directions of the weld, oS and
o, were determined by the sin®yy method (Ref 26). To this
end, the ten or eight reflections and the corresponding DEC 1/
28,"8! listed in Tables 6 and 7 for austenite and ferrite,
respectively, were used to compute the mean stress value at
each point of measurement. This was done by normalizing the
measured lattice distance of each reflection {hkl} to the {100}
plane, averaging them weighted by the number of equivalent
planes {hkl} in a unit cell and converting the slope over sin21//
to the residual stress value through a weighted average DEC 1/
28,™. This stress value is valid at an average penetration depth
of 34 um. Additionally, the in-plane residual stress O'“RS =1/
2(a®S + 65) resulting from the sin®y method was compared
to the results of the transverse contraction method for
validation, using only the ex situ measurements at iy = 0° with
the beam direction parallel (¢ = 0°) or perpendicular (¢ = 90°)
to the welding direction.

3. Methodological Validation and Discussion

Figure 3 shows a comparison of the in-plane residual
stresses derived from the transverse contraction and sin’y
methods for the ex situ measurements. Besides larger scatter, it
can be seen that the transverse contraction method yields
significantly higher stress values than the sin®y method. Since
the results of the former largely depend on the differences
AQS;"™ ), it can be inferred that the assumptions of the
Eshelby/Kroner grain interaction model are not valid in this
case.

7662—Volume 33(15) August 2024
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Table 5 Single crystal elastic moduli of austenite (y-Fe)
and ferrite (z-Fe) in GPa, from (Ref 21)

Material 1 C12 Cy4
y-Fe 233 163 122
o-Fe 230 135 114

In order to check this hypothesis, ;"™ computed with the
Eshelby/Kroner model is plotted against the orientation factor
3T = 3(h’k> + K12 + I’h?)/(h* + k* + 1%)* in comparison to
S, 31 and §,1%2% that have been determined experimentally
for the austenitic steel X2CrNil8-9, see Fig. 4. It can be seen
that the linear slope of the computed values is smaller than that
of the measured and extrapolated ones by a factor of 0.64,
meaning that also the differences A(ZSlhkl) are smaller by that
factor. This corresponds to a Reuss ratio of rg = 0.57 for the
measured DEC, which yields a softer material behavior than
according to the Eshelby/Kroner model, featuring rg = 0.365,
and thereby lower stresses.

In the following, both §;"™ and 145,"™ will be used with
rr = 0.57, see Tables 8 and 9. While this proposed correction is
only based on two experimental values and the linear
extrapolation shown in Fig. 4 thereby involves a high
uncertainty, a comparison of the results of the transverse
contraction and the sin®y methods with corrected DEC S,"!
and 14S,"™! shown in Fig. 5 proves that a much better agreement
of the two methods is achieved.

For the ferritic steel X6Crl7, two experimentally determined
values of S,"™! were not available. Using the same correction
with g = 0.57 as for X2CrNil8-9 yields a very good
agreement of the transverse contraction and the sin’yy methods
as well, see Fig. 6. Therefore, the same correction will be used
for X6Crl7 in the following.

The results shown above mean that the Eshelby/Kroner
model assumes DEC that are too stiff at the surface, which has
also been found by other authors (Ref 27). It should be noted
that the DEC optimization scheme introduced in (Ref 15, 28),
which is based on the energy dependence of the penetration
depth and which was run at x = — 10 mm for X2CrNil8-0 and
at x =9 mm for X6Crl7, yielded optimum values of rg =

0.535 and rg = 0.560, respectively. This confirms the value of
rg = 0.57 and thereby the approach taken. Potentially, a direct
comparison of the results of the transverse contraction and the
sin?yy methods through a systematic variation of the Reuss ratio
could also be used for an optimization of the DEC.

Journal of Materials Engineering and Performance



Table 6 DEC of austenite (y-Fe) according to the Eshelby/Kroner model in 10~% mm?N; for double peak weighted
according to number of equivalent planes in unit cell

DEC {11} {200} {220} {311} {222} {400} {331} {420} {422} {333}{511}
S, — 1.11 — 235 — 143 —1.77 — 1.11 — 235 — 134 —1.76 — 143 —1.85
1/28,"! 5.14 8.86 6.07 7.11 5.14 8.86 5.79 7.07 6.07 7.34

Table 7 DEC of ferrite (a-Fe) according to the Eshelby/Kroner model in 10~® mm?/N; for double peak weighted
according to number of equivalent planes in unit cell

DEC {110} {200} {211} {220} {310} 222} 3213 {330}{411}
Skt - 127 —1.90 — 127 - 127 - 1.67 — 1.05 - 127 —1.51
1/28,K! 5.80 7.70 5.80 5.80 7.02 5.17 5.80 6.55

Table 8 Corrected DEC of austenite (y-Fe) in 10~° mm?/N, using a Reuss ratio of rg = 0.57; for double peak weighted
according to number of equivalent planes in unit cell

DEC a1 {200} {220} (311} {222} {400} 331} {420} {422} {333}4511}
S, — 1.00 — 294 —1.49 —2.03 — 1.00 — 294 —1.35 —2.01 —1.49 —2.15
1728, 4.80 10.6 6.26 7.88 4.80 10.6 5.83 7.82 6.26 8.24

Table 9 Corrected DEC of ferrite (o-Fe) in 10™¢ mm?N, using a Reuss ratio of rg = 0.57; for double peak weighted
according to number of equivalent planes in unit cell

DEC (110} {200} 211 {220} {310} 222} 321} 3301411}
5™ - 128 —-220 — 1.28 — 1.28 — 1.87 — 0.969 - 128 — 1.64
1/28," 5.84 8.61 5.84 5.84 7.62 4.92 5.84 6.93
o 600 RS Ramae S — 4. Results
% X2CrNi18-9 | °n ¥ .
= 500 1 * anisofr. (¢=90°) 4.1 Microscopy
. 4004 | X ] In Fig. 7 and 8, light optical microscope images of a cross-
e #‘é' | E section of the weld zone of X2CrNil8-9 and X6Crl7 are
o 3004 | | E% ] depicted, respectively, after sample preparation with V2A
9, % | } etchant. The molten zones show elongated, radially arranged
o 200 2 3 E grains and a relatively low depth of 1.5 ... 2 mm. For
0 i | Py X2CrNil8-9, the base material in the near vicinity features the
: 100 | | E ] same microstructure as in the non-welded state, whereas for
8 { p3 X6Crl7 a HAZ of about 1 mm width is clearly visible, see
= 0 | | Fig. 8(b). It features coarse, equiaxed grains which get finer
o L] . . . .
c | [ with increasing distance from the molten zone. Both in the
1) -100 ] HAZ and the molten zone, martensite occurs especially near the
= grain boundaries, hinting at a partial phase transformation of
£ -200 : | | X6Cr17 due to the thermal cycle.

40 30 20 -10 0 10 20 30 40

s ) . 4.2 Evolution of Stress and Microstructure during Welding
Distance from centerline in mm

Figure 9 shows an exemplary stress analysis of the in-situ

Fig. 3 Comparison of the in-plane residual stresses derived from
transverse contraction and sin®y method for X2CrNi-18-9
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measurements using the transverse contraction method for
X2CrNil8-9 at a distance of x =7 mm. In Fig. 9(a), the
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Fig. 5 Comparison of the in-plane residual stresses derived from
transverse contraction and sin21// method after correction of A(2S, hkl)
for X2CrNil8-9

hkl
y=0°

reflections on different lattice planes {hkl}, clearly highlighting
the thermal strains due to heating. Figure 9(b)-(e) shows the
relative strains €, between these differently oriented grains over
the differences in the diffraction elastic constants A(2S;"™")
evaluated at different points of time. Here, the data points were
fitted with a linear function whose slope is the average in-plane
stress o) A positive slope indicates tensile stress, whereas a
negative one indicates compressive stress.

In the following diagrams, the results of the in situ
measurements are presented over a logarithmic time scale in

normalized lattice distance a over time for is depicted for

7664—Volume 33(15) August 2024
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Fig. 6 Comparison of the in-plane residual stresses derived from
transverse contraction and sin*y method after correction of A(2S,")
for X6Crl7

order to cover both short-term effects during welding and the
near-final state toward the end of the cooling period. The plots
show the evolutions of the in-plane stress o, the square-root of
the dislocation density p'? and the temperature T over time t.
One plot pertains to a single point of measurement on a single
sample. For o), only every fifth data point is shown for
¢t > 100 s for better visualization. Also, the error bars of p'”?
are only shown exemplarily for a few data points; the ones not
shown are of the same order of magnitude.

For X2CrNil8-9 at x = 7 mm, compressive stress develops
rapidly during heating and reaches a maximum absolute value
of about — 300 MPa shortly before the maximum temperature
occurs, see Fig. 10. Within a few seconds, the sign of the stress
changes and a relative maximum of 170 MPa is reached during
cooling. After a relative minimum that coincides with the end
of the welding process, the stress asymptotically approaches a
value of 200 MPa.

The square-root of the dislocation density p'?is 1.0 ... 1.4 -
10" m™" at the beginning of the welding process. After the
maximum temperature is reached, p'’? increases to about 1.7 -
10" m™", but a large scatter can be observed. The scatter
decreases for # > 300 s due to the longer integration times of
the diffraction peaks and p'? remains constant within 1.8 ...
2.0 - 10" m™" toward the end of the cooling process. It may be
noted that the error bars derived from the uncertainties of the
peak fit comprise a span much larger than the range of the
actually measured values.

At x=9 mm, the ot-curve is similar to the one at
x =7 mm, but exhibits no distinct tensile maximum after
reaching 7., see Fig. 11. The same value of 200 MPa is taken
at the end of the cooling process. p'? starts at about 1.7 -
107 m™", shows a distinct maximum of 2.9 - 10’ m™" during
heating and finishes in the same range as at x =7 mm.
However, a larger scatter of p'/? is generally observed here.

For X6Cr17 atx = 7 mm, the evolution of ¢ is qualitatively
the same as for X2CrNil8-9, see Fig. 12. However, there is
significant compressive stress already at the beginning of the
welding process. The absolute values of the minimum and

Journal of Materials Engineering and Performance
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Fig. 7 Weld zone of X2CrNil8-9: (a) Macrograph; (b) Micrograph of molten zone and base material at lateral transition zone

Fig. 8 Weld zone of X6Crl7: (a) Macrograph; (b) Micrograph of molten zone, heat-affected zone (HAZ) and base material at lower transition
zone
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Fig. 9 Exemplary in-situ analysis using the transverse contraction method for X2CrNil8-9 at a distance of x = 7 mm: (a) Normalized lattice
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distance a,,". over time for reflections on different lattice planes {hkl}; (b)-(c) Relative strains ¢ over the differences in the diffraction elastic
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Fig. 12 Evolution of in-plane stress, square-root of dislocation

density and temperature during welding and cooling of X7Crl7 at a
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maximum stresses close to the temperature maximum are larger
than for X2CrNil8-9, reaching — 450 and 280 MPa, respec-
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Fig. 13 Evolution of in-plane stress, square-root of dislocation
density and temperature during welding and cooling of X6Crl7 at a
distance of x = 9 mm from the weld centerline. See text for details

tively. The final value of o) is about 170 MPa. The scatter of
the data points is significantly larger than for X2CrNil8-9.

For p', only few significantly scattered data points exist
both at x = 7 mm and at x = 9 mm, as can be seen in Fig. 13,
permitting no further analysis of the dislocation density.

The in-plane stress at x = 9 mm, however, is qualitatively
similar to that at the same point for X2CrNil8-9, but again
accompanied by a larger scatter.

4.3 Residual Stress State

The residual stress distributions after complete cooling are
M-shaped for both materials with distinct maxima close to the
weld toe at x| ~ 8 mm, see Fig. 14 and 15. The maximum
longitudinal residual stresses are 400 430 MPa for
X2CrNil18-9 and 370 MPa for X6Cr17, whereas the transverse
residual stresses only reach 140 or 75 MPa, respectively.
Within the molten zone, no results could be achieved due to the
large grains. The von Mises equivalent residual stress largely
follows the longitudinal one and surpasses the materials’ initial
yield stresses.

It should be noted that the average of longitudinal and
transverse residual stresses determined by the sin* method
yields the in-plane residual stresses plotted in Fig. 5 and 6.

5. Discussion

5.1 Quality of Results

A comparison of the results of the in situ stress analysis in
Fig. 10, 11, 12 and 13 reveals that the scatter is significantly
larger for the ferritic steel X6Cr17 than for the austenitic steel
X2CrNil8-9. This is due to the use of the transverse contraction
method, whose results depend directly on the DEC differences
AQ2S;"™ ), in combination with two characteristics of the body-
centered cubic (bcc) ferritic steel. Firstly, the crystal anisotropy
is lower for becc than for face-centered cubic (fcc) austenite,
which can be seen in the smaller differences A(2S5,"), see
Tables 8 and 9, or in the lower Zener anisotropy ratio A = 2c44/
(c11—c12) (Ref29), which is 2.4 for ferrite and 3.5 for austenite,
using the single crystal constants given in Table 5. Secondly,
the orientation factors of the five lattice planes used in the
in situ analyses for ferrite only cover the span 31" =0 ... 0.75,
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whereas for austenite the full scale 3I' =0 ... 1 is used. This
means that the total span of A(2S lhkl) is smaller, making a linear
fit of the relative strains between differently oriented grains
over A2S;"™) less reliable (please refer to (Ref 15) for a
detailed description of the method). Moreover, the three
diffraction peaks yielding the highest intensity and therefore
the most reliable information on the lattice distance, i.e., {110},
{211} and {220}, feature the same 3I' and DEC, thereby
contributing the same information to the analysis. The other
two diffraction peaks {200} and {310} are the weakest ones
and therefore have the highest uncertainties with regard to the
lattice distance. A higher total scatter of o) results from these
circumstances for X6Crl7, especially for short integration
times during measurement.
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The analysis of the square root of the dislocation density p'
2 is subject to a higher scatter than the stress analysis since the
latter relies on the position of the diffraction peaks, which is
easier to determine than the shape of the diffraction peaks
needed for the former. This is especially true for short
integration times, as can be seen, e.g., in the lower scatter in
Fig. 10 toward the end of the cooling process. Moreover, a
rapid change of the lattice strain due to thermal expansion and/
or high stress rates may lead to an apparent peak broadening
due to smearing over the integration time. This could be an
explanation for the seemingly high dislocation density when the
maximum temperature is reached, see Fig. 11.

Despite these challenges, the results of p'? permit some
conclusions for X2CrNil8-9, see section 5.3 (Effects of the
Welding Process on Stress and Work Hardening Near the
Molten Zone).

5.2 Consistency of Results

In the final stage of cooling, the in-plane stress o reaches a
steady state value which can be compared to the ex situ results
to check the consistency of the measurements. To this end, the
in situ results are averaged for + > 1000 s and plotted against
the respective measurement position along with the ex situ
results, see Fig. 16 and 17. Since for ¢ > 1000 s the
temperatures are still in the range 7= 86 ... 61 °C, the elastic
behavior of the material is slightly softer than after complete
cooling. However, the error can be estimated to be less than
2%, so that a comparison of the results obtained in situ and ex
situ is permissible.

Overall, a very good agreement of in situ and ex situ results
is observed. Only for X6Crl7 at x =9 mm, a deviation of
about 100 MPa is noted. Apart from regular measurement
uncertainties, deviations are mainly attributed to the different
gauge volumes, which were larger and fully immersed for the
in situ measurements, whereas they were smaller and only
partially immersed into the material for the ex situ measure-
ments. Moreover, due to the elongate, bar-shaped geometry of
the gauge volume and the high lateral stress gradients in the
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vicinity of the weld, the angle of the beam to the welding
direction as well as the tilt angle y of the sample can
significantly affect the results.

5.3 Effects of the Welding Process on Stress and Work
Hardening Near the Molten Zone

The results of the in situ measurements depicted in Fig. 10,
11, 12 and 13 clearly highlight the compression-tension cycle
near the molten zone for both materials. The mechanical
stresses thereby reflect the constrained thermal expansion and
contraction during welding and cooling. The fact that the
maximum compressive stresses always occur before the
maximum temperature is reached shows that a zone of
compressive stresses runs ahead of the heat source since the
highly heated material expands and thereby compresses the
base material, which is also described, e.g., in (Ref 1).

For the austenitic steel X2CrNil8-9, the high stresses cause
work hardening of the material, which can be seen in a slight,
but clearly identifiable increase of the square-root of the
dislocation density p'? directly after the maximum compres-
sive stress has occurred. Afterward, only small changes of the
dislocation density can be seen. Firstly, this reveals that the
main plastic deformation results from the compressive stress
during heating, which has a higher absolute value than the
tensile stress during cooling. Secondly, these results give no
direct indication on the nature of work hardening, i.e., its
isotropic or kinematic character, as the evolution of p” 2 in the
tensile phase is not clear due to the small changes of time and
the relatively large scatter.

However, the ex situ results have shown that the von Mises
equivalent residual stresses are M-shaped and surpass the
materials’ initial yield strengths a few millimeters away from
the weld. This proves that plastic deformation has occurred and
confirms previous analyses hinting at isotropic hardening
behavior (Ref 11).

For the ferritic steel X6Cr17, the observed scatter of p'”
does not permit similar conclusions as for X2CrNil8-9. Since
the material shows a similar material behavior, including M-
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shaped residual stresses with high maxima, it is inferred that
isotropic hardening predominates here as well, which has to be
confirmed by further analyses.

6. Summary and Conclusions

A novel method of stress analysis exploiting crystallite
anisotropy was employed to study the stress evolution in situ
during welding with energy-dispersive x-ray diffraction. The
results obtained with this method were validated with a sin®y/
analysis. Moreover, line profile analysis was used to gain
information on the microstructure and thereby the hardening
behavior of the materials. The following conclusions can be
drawn:

1. With the transverse contraction method introduced in
(Ref 15), stresses can be determined reliably in practice.
The method is especially valuable for situations where
tilting the sample is not possible, e.g., for fast in situ
analyses or for complex sample geometries for which tilt-
ing may result in beam shadowing. The information ob-
tained through the transverse contraction method is
limited though, e.g., only yielding the average in-plane
stress for measuring at yy = 0°. Potentially, this could be
remedied by a multi-detector setup measuring at different
tilt angles, if possible.

2. The results of the transverse contraction method depend
significantly on the applied DEC. Therefore, care must
be taken when a grain interaction model is chosen.
Preferably, the correct DEC should be found by an opti-
mization scheme. This can be done either by varying the
DEC and iteratively comparing the results of the trans-
verse contraction and the sin®y methods for a sample
with significant stresses that are constant over depth. Or
the optimization scheme that is also introduced in (Ref
15, 28) is used, which exploits the energy dependence of
the penetration depth of the “white” X-ray beam.

3. The transverse contraction method yielded better results
for the austenitic steel than for the ferritic one. This high-
lights that the method works best for high anisotropy ra-
tios A and for reflections hkl with significantly different
orientation factors 3I".

4. The in situ stress analysis revealed the compression-ten-
sion cycle in the vicinity of the weld. The stresses in the
final stages of cooling mostly agree with the residual
stresses determined through ex situ analyses, again
emphasizing the suitability of the transverse contraction
method.

5. The line profile analysis yielded the dislocation density,
which was subject to relatively large scatter due to the
short measurement intervals during welding. However, it
proved that significant plastic deformation occurs in
X2CrNil8-9 due to the compressive stresses during heat-
ing.

6. The ex situ analyses hint toward a mostly isotropic hard-
ening behavior near the molten zone, but more analyses
are necessary to confirm this conclusion.
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