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Abstract Novel martensitic filler materials with specially adjusted martensite
start temperatures (Ms) can counteract the cooling specific shrinkage due to
expansion effects of the weld metal associated with phase transformations. That
can be exploited to create compressive residual stresses in the weld and adjacent
areas, i.e. beneficial for increasing the fatigue strength. The Ms temperature is
shifted via the chemical composition, mainly by the alloying elements nickel and
chromium, resulting as well in different retained austenite contents. Comparative
investigations were made using a Low Transformation Temperature (LTT) alloy
and a conventional high strength steel. The resulting phase transformation
temperatures were—for the first time—detected using high energy synchrotron
diffraction. Compared to angle dispersive diffraction, energy dispersive diffraction
offers the possibility to measure residual stresses of the martensite and austenite
phase parallel fast in one experiment. Furthermore, the high energy allows for
obtaining information from the material volume by measuring in transmission
geometry. For that purpose a special welding setup was designed applicable at
different beam-lines and diffraction setups, allowing for diffraction experiments
under realistic welding conditions. In particular the setup gives the possibility to
observe and correlate localized phase transformations and thermo-mechanical
stress/strain evolution during and after welding specific, rapid heat treatments.
Additionally, due to local melting, solidification processes can be investigated.
First results, presented here, show the correlation of local residual stress distri-
butions affected by lowered transformation temperature.
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1 Introduction

When welding ferritic steels specific residual stresses due to inhomogeneous
temperature distribution and phase transformations occur in the vicinity of the
weld. For alloys with c–a0 phase transformations at relatively low temperatures
(so-called (Low transformation Temperature (LTT) materials) their yield limit is
already high enough, that phase transformations can affect the residual stress
formation substantially. The impact of phase transformations at low temperatures
on the residual stress formation can in principle be explained as follows. Since the
thermal expansion coefficient of austenite is higher than that of ferrite, the volume
expansion by the phase transformation is larger at low temperatures. In addition—
following Bhadeshia (2004)—it can be stated that during cooling a high shrinkage
compensation of the face-centered cubic lattice and thus lower stresses are present,
caused by the lower yield point of austenite compared to ferrite. In contrast,
smaller shrinkage compensation is present in the body-centered cubic lattice of
ferrite due to the higher yield point, which leads to comparatively high stress
gradients. Using lowered martensite transformation temperatures (Ms/f) it should
finally be possible to avoid crack-critical tensile residual stresses in the weld and
adjacent areas or even to produce compressive residual stresses already during the
welding process. Such materials can essentially contribute to the improvement
of the cold cracking resistance and fatigue strength of high strength steel welds
(Ohta et al. 1999; Wang et al. 2002; Eckerlid et al. 2003; Dai et al. 2008;
Kannengiesser et al. 2008).

Recent investigations dealt with the influence of the chemical composition of
various LTT alloys on microstructure, transformation temperature and the
resulting residual stresses. The local and temporary very rapid temperature gra-
dients during welding make these investigations complex and hardly accessible by
in situ observation. Diffraction methods represent an appropriate method to
observe phase transformations in in situ during a certain loading or temperature
cycle accompanied by the essential advantage of simultaneous strain measure-
ment. Therefore diffraction methods are more and more used to analyze material
behavior during welding. Apart from short time-metallurgy—i.e. the identification
of the primary solidification mode—also phase transformations and their kinetics
can be observed. However, previous investigations were limited to material ranges
near the surface due to their measuring setup or limited beam characteristics. First
in situ diffraction analyses of the transformation behavior during welding were
conducted by Elmer et al. (2000), Babu et al. (2002) and Terasaki et al. (2006).
They used low-energy, monochromatic synchrotron radiation with photon energies
within a range of 7 to 12 keV (angle dispersive diffraction). In the present work for
the first time high energy, polychromatic synchrotron radiation could be used for
the characterization of the material behavior during welding. High energy syn-
chrotron radiation up to 150 keV permits spatial and time resolved analyses in
discrete material volumes of higher information depths. Furthermore the
employment of energy dispersive methods allows for comfortable observation of
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phase kinetics using complete diffraction patterns. Additionally, the resulting
residual stresses of all contributing crystalline phases can be reliably determined.

2 Material

Following the concept presented by Ohta et al. (1999) of high-strength LTT
welding fillers, own alloy concepts were developed in order to investigate the
residual stress formation depending on varying Ms temperatures and material
properties (Kromm et al. 2009). The pure LTT alloy (see Table 1) exemplary used
in this investigation shows a Ms temperature of 39�C. This temperature was
determined by single sensor—differential thermal analysis (SS-DTA) after
Alexandrov and Lippold (2004). All weld metal specimens were austenitized at
850�C and subsequently quenched in oil down to ambient temperature.
An exponential function served as reference curve. The Ms temperature was
confirmed by means of time resolved energy dispersive synchrotron diffraction
(Kromm and Kannengiesser 2009).

The resulting microstructure after welding consists of martensite and retained
austenite like shown in Fig. 1. The primary solidification is austenitic and cellular.
The cell cores are predominantly martensitic. The austenite is present network-like
within inter-cellular areas, where due to segregation higher chrome and nickel
contents are present. Localized EBSD measurements presented in Fig. 2 prove that
austenite is to be found primarily within the inter-cellular areas. Additional

Table 1 Chemical composition (wt%) and transformation temperature of the applied LTT alloy

C Ni Cr Mn Si Fe Ms

0.04 12 10 0.7 0.4 Balance 39�C

Fig. 1 Weld microstructure
consisting of martensite
(dark colored areas = lower
Cr/Ni content) and retained
austenite (light colored
areas = higher Cr/Ni
content)—etchant:
Lichtenegger and Bloech
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microanalysis on welds specimens have confirmed that the segregation profile of
chromium and nickel is similar, showing lower contents of both elements in
martensite areas.

The fine-grained, high-strength, structural steel S690Q was used as base
material as well for comparative bead-on-plate welding investigations (Table 2).
The transformation temperature of this type of steel is cooling rate dependent and
typically situated between 400 and 500�C. The microstructure after welding
predominantly consists of bainite and some percent of ferrite or martensite.

3 Experimental

Welding and Diffraction Setup

In situ diffraction during welding were conducted with high energy, polychromatic
synchrotron radiation (white beam) with photon energies between 20 and 150 keV,
available at the beam-line EDDI of the Helmholtz association at the BESSY II
storage ring in Berlin (Genzel et al. 2007). Energy dispersive (ED) diffraction
experiments were carried out, in order to obtain a multitude of diffraction lines of all
crystalline phases of the material simultaneously within one measurement. ED
diffraction allows for evaluation of the lattice spacing d(hkl) is a function of the
corresponding Energy E(hkl) measured under a fixed diffraction angle h, see (Genzel
et al. 2007) for details. In addition the beam-line setup permits for subsequent
determination of the phase-specific residual stresses using the sin2 w technique
(Macherauch and Müller 1961; Spiess et al. 2009). A special experimental setup was

Fig. 2 EBSD image showing
martensitic cells (light grey),
austenite network (dark grey)
and not classified areas
(black)

Table 2 Chemical composition of S690Q (wt%)

C Si Mn P S Cr Ni Mo Nb V B

0.116 0.402 1.52 0.017 \0.001 0.498 0.481 0.111 \0.005 0.054 0.0005
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developed, what allows for time as well as spatial resolved diffraction experiments
during real welding. The high energy synchrotron radiation enables in situ dif-
fraction analyses in transmission geometry and permits access to the specimen
volume. The local gauge volume is determined by primary and secondary beam
apertures (slit system). The experimental setup is shown schematically in Fig. 3.

In situ ED diffraction analyses was conducted during gas tungsten arc (GTA)
welding (re-melting). The specimens were prepared by pre-welding the LTT alloy
in four layers on the upper edge of a plate made of S690Q high-strength steel.
Subsequently, the weld was machined to ensure dimensions of 100 mm 9

100 mm 9 6 mm (length 9 width 9 thickness). Figure 4 shows the generated
measuring volume schematically in the sample cross section. For purposes of
comparison similar specimens of the material S690Q were prepared. In the present
case the experiments were performed as time resolved analyses. Thereby, the beam
hits the specimen at a fixed position while the torch is moved along the upper edge
of specimen.

Five locations in the specimen were chosen for in situ analysis. The measuring
range is shown in Fig. 5. The weld was investigated stepwise starting 1 mm below
the surface and ending up 5 mm below the surface. Table 3 shows the measuring
and evaluation parameters used.

Fig. 3 Experimental setup schematically and arrangement at the beam-line including beam path

Fig. 4 Beam path and gauge
volume generated in the
specimen cross-section
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Essential for characterization of the phase transformations and associated
residual stresses is the knowledge of the content of martensite and austenite. This
content can be determined taking into account the ratios of the integrated
intensities of the individual Bragg reflections of both phases weighted by a
proportionality factor, which can be calculated from basic principles. Details can
be found in (Laine 1978). The volume fraction of ferrite/martensite and austenite
can be determined by the following equations taking into account each available
pair of (hkl) reflections and calculating the mean. Other phases (i.e. carbides) can
reasonable be neglected. Since phase transformations in the observed alloy system
are located below 100�C a temperature dependence of the proportionality factors
was not considered. During residual stress measurement integrated intensities
under different tilt angles (w-angles) were additionally taken into account when
determining the martensite to austenite ratio.

Va ¼
1

1þ RaðhklÞ
RcðhklÞ

IcðhklÞ
IaðhklÞ

� �h i ð1Þ

Vc ¼ 1� Va: ð2Þ

Va is a volume fraction ferrite/martensite, Vc volume fraction austenite, Ia(hkl)
integrated intensity of individual ferrite/martensite reflection, Ic(hkl) integrated
intensity of individual austenite reflection, Ra(hkl) proportionality factor of

Fig. 5 Measuring range on
the specimen

Table 3 Measuring and evaluation parameters

Primary beam cross-section 1 9 1 mm2

Secondary aperture Double slit system (equatorial 9 axial) 0.12 mm 9 5 mm
Diffraction angle 2H = 6�
Measuring mode Transmission
Measuring time 7 s/spectrum
Evaluated diffraction lines Ferrite/martensite: 110, 200, 211; austenite: 111, 220, 311
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individual ferrite/martensite reflection, and Rc(hkl) is a proportionality factor of
individual austenite reflection.

Temperature Acquisition

Temperature acquisition during welding is complex due to the presence of the
welding arc. In the present case the temperature distribution was obtained ex situ by
means of thermal imaging, supported by thermocouples, using identical experi-
mental conditions. Thermal imaging offers the advantage of fast two-dimensional
temperature mappings. Neglecting a temperature gradient in the thin samples across
the thickness, the measured temperatures can be directly assigned to the measured
diffraction information. Table 4 gives details of the thermal imaging system.

Residual Stress Measurement

In order to determine the effect of the phase transformation temperature on the
residual stress condition, phase-specific residual stress measurement was con-
ducted in transmission geometry ex situ after welding. Altogether nine measuring
points with a distance of 0.5 mm were selected in the weld with increasing depth
beginning 1 mm under the weld surface ending at 5 mm. The residual stresses
were determined for the martensitic and also the austenitic phase of the LTT weld.
In addition equivalent measurements were made in a re-melted high-strength steel
S690Q. Specimen size and welding parameters were identical. The measuring and
evaluation parameters are shown in Table 5.

Table 4 Parameters of thermal imaging system

Optical resolution 640 9 480 infrared pixel (300 lm)
Temperature range -40�C to [2000�C
Thermal resolution 1.5 K (0–100�C)/2% ([100�C)
Test frequency 5 Hz
Objective 50 mm

Table 5 Measurement and evaluation parameters of the residual stress measurements

Primary beam cross section 1 9 1 mm2

Secondary aperture Double slit system (equatorial 9 axial) 0.12 mm 9 5 mm
Diffraction angle 2H = 6�
Measuring mode Transmission
Measuring time 100 s/spectrum
Evaluated diffraction lines Ferrite/martensite: 110, 200, 211, 220;

austenite: 111, 200, 220, 311
Calibration Tungsten powder
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The residual stresses were determined using the sin2 w technique (Macherauch
and Müller 1961). For that purpose the specimen was tilted 90� around the primary
beam axis from w = 0 (specimen position as in Fig. 3) to w = 90�. Neglecting the
presence of shear stresses in the material volume, the following equation is valid:

Du¼0;w � D0

D0
¼ 1

2
sa0;c;fhklg

2 � ra0;c
11 � ra0;c

33

� �
� sin2 wþ sa0;c;fhklg

1

� ra0;c
11 þ ra0;c

22 þ ra0;c
33

� �
þ 1

2
sa0;c;fhklg

2 ra0;c
33 : ð3Þ

The lattice spacing Du=0,w is a linear function of sin2 w. The slope of the plot

Du=0,w vs. sin2 w can be solved for the term ra0;c
11 � ra0;c

33 : For the strain-free lattice
spacing D0 an approximation is sufficient. For this reason the phase-specific

residual stresses shown in the following consist of a stress component ra0;c
11 in

longitudinal (welding) direction and a component ra0;c
33 in normal (depth) direction.

However, in the particular case ra0;c
33 can be neglected, since in this direction an

almost free shrinkage of the weld was present.

4 Results

Phase Transformation

In situ phase observation during welding is represented exemplarily in Figs. 6 and 7
by energy dispersive diffraction spectra (so-called density plots) as a function of
time for the investigated materials in a distance of 1 mm to the weld surface.
Additionally the d-spacing, what can easily be calculated from Bragg’s law, is
shown for selected Energies. Austenite to martensite phase transformations
become clearly detectable on the basis of characteristic diffraction lines (indicated
by white color in the plot) and can finally be assigned to the corresponding
temperatures determined ex situ. Clearly, the phase transformation of the LTT
weld can be identified in Fig. 6. The transformation is characterized by appearance
of the 110a, 200a and 211a diffraction lines. In comparison Fig. 7 reveals that the
phase transformation in case of cooling of the low alloyed, ferritic steel S690Q
appears earlier and is therefore shifted to higher temperatures above 400�C
according to the chemical composition. Due to the presence of d-ferrite and the
limited time resolution the transformation at this temperature is only indicated by
disappearing of the 200c and 311c diffraction lines of austenite.

Determination of the phase contents during cooling of the LTT weld 1 mm
below the surface shows that most of the transformation takes place during an
interval of approximately 150 s between 71 and 52�C. After that the transforma-
tion decays. However, Mf is not reached, since retained austenite up to 50% is still
present at ambient temperature, see Fig. 8. For reasons of microstructure (texture)
the error represents up to ±43%.
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Fig. 6 2D density plot during cooling of the LTT weld showing primary austenitic solidification
and transformation into martensite (1 mm below surface)

Fig. 7 2D density plot of ferritic steel S690Q indicating transformation into ferrite/bainite
(1 mm below surface)
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With decreasing distance to the base material an increasing dilution and in
particular reduction of nickel and chromium contents arises in the LTT weld.
Therefore the transformation temperatures increase with approaching the base
material. The relation of the chemical compositions determined by means of
electron-beam micro probe analysis (shown as totally sum of the alloying elements
Cr, Ni, C, Si and Mn) and the observed Ms-temperatures is represented in Fig. 9.
In the following should be clarified how this temperature gradient influences the
local residual stress distribution.

Residual Stresses

A comparison of the phase-specific residual stresses of the martensitic phase of the
LTT weld as well as of the steel S690Q is shown Fig. 10. In the LTT weld high

Fig. 8 Phase contents during
cooling of the weld

Fig. 9 Ms-temperature gra-
dient caused by dilution
compared to total sum of
alloying elements, measured
at varying distance to the
weld surface
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compressive residual stresses of up to -500 MPa are present. It is remarkable that
with increasing distance to the weld surface the compressive residual stresses
increase, although the Ms temperatures decrease (see Fig. 9). That can be ascribed
to the Ms temperature gradient across the weld. Areas near the surface (low Ms) are
influenced by shrinkage of already transformed areas far away from the surface
(high Ms). Adjacent to the heat affected zone (4 mm)—according to the chemical
compositions and transformation temperatures (see Fig. 9)—the stresses abruptly
drop by 450 MPa to lower values.

Residual stresses in the ferritic steel S690Q initially show a qualitatively similar
stress distribution, of increasing compressive stresses with increasing distance to the
weld surface. The residual stresses exhibit lower values compared to the LTT weld at
all, however without a stress decrease approaching the heat affected zone. This can
be explained by the more or less constant chemical composition and therefore
transformation temperatures above 400�C across the weld (small dilution effects).

The phase-specific residual stresses of the austenitic phase of the LTT alloy are
shown in Fig. 11. In comparison to the martensitic phase the stress values are

Fig. 10 Comparison of
phase-specific residual stres-
ses in the martensite of the
LTT weld and S690Q

Fig. 11 Phase-specific resid-
ual stresses in austenite
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lower. However, the stresses are also compressive up to -250 MPa. The retained
austenite content in the LTT weld varies between 20 and 45% (see Fig. 12). Lower
austenite contents are existent adjacent to the heat affected zone, caused by the
high dilution here. However, a clear correlation between the content of retained
austenite and the height of the phase-specific residual stresses cannot be found.
Shortly before the transition to the heat affected zone (5 mm) the stresses of the
austenitic phase also drop approximately by 450 MPa, as observed in the
martensite.

Finally, the in-service-behavior of a joint is determined by the macro stresses.
These can be calculated by means of a simple lever rule considering the phase-
specific residual stresses and content of the individual phases (see Eq. 4).

Xn

a¼1

para ¼ rM : ð4Þ

a is a phase, pa phase content, n number of phases, ra phase-specific residual
stress, and rM is a macro residual stress.

The macro residual stresses of the LTT alloy compared to residual stresses of
the ferritic/bainitic phase of the steel S690Q are shown in Fig. 13. The stresses of
the LTT weld show a parallel shift to lower values caused by the lower stress level
of the austenite. However, it remains a large difference compared to S690Q of up
to 300 MPa. Furthermore, adjacent to the heat affected a stress drop by 300 MPa
to the stress level of S690Q remains also.

5 Summary

High-energy polychromatic synchrotron radiation was used for the first time for in
situ diffraction analysis of transformation kinetics during a real welding process

Fig. 12 Content of retained
austenite dependent on the
distance to the weld surface
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and the determination of the resulting residual stresses. Spatial and time-resolved
diffraction measurements were carried out investigating novel low transformation
temperature alloys, which exhibit a c–a0-phase transformation at comparatively
low temperatures. The transformation behavior during welding could be deter-
mined in situ by means of energy dispersive diffraction analyses on the basis of
characteristic diffraction lines. Finally, the resulting phase-specific residual
stresses of martensite and austenite could be determined in the weld. Considering
the content of each phase, it could be demonstrated that high compressive residual
stresses up to -400 MPa can be reached according to lowered Ms temperatures.
Future work shall clarify, how Ms temperature and varying amounts of retained
austenite influence the level and distribution of residual stresses in the weld and
adjacent areas. Further, it remains to be clarified how the observed compressive
residual stresses are transferable to welded joints exhibiting shrinkage restraint.
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