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Abstract

Cold cracking resistance is a relevant evaluation criterion for welded joints and affected by residual stresses which result from the
welding procedure. Compressive residual stresses can thereby have a positive influence on preventing cracking. A unique possibility
of generating compressive residual stresses already during the welding procedure is offered by the so-called Low Transformation
Temperature (LTT) filler wires. Compared to conventional wires, these materials show decreased phase transformation temperatures
which can work against the cooling-specific contraction. In consequence, distinct compressive residual stresses can be observed within
the weld and adjacent areas. The strength of these fillers makes them potentially applicable to high-strength steel welding. Investigations
were carried out to determine the phase transformation behaviour of different LTT-filler materials. Transformation temperatures were
identified using Single Sensor Differential Thermal Analysis (SS—DTA). Additionally Synchrotron radiation was used to measure the
transformation kinetics of all involved crystalline phases during heating and cooling of a simulated weld thermal cycle.

Key-words: In-situ phase analysis; energy dispersive diffraction; phase transformation, Low Transformation Temperature filler wire.

Resumo: Fissuragdo a frio é um critério de avaliagdo relevante para juntas soldadas, sendo afetada pelas tensoes residuais resultantes
da soldagem. Neste contexto, tensoes residuais de compressdo podem ter uma influéncia positiva no sentido de prevenir a fissuragdo.
Uma possibilidade unica de ja gerar tensoes residuais de compressdo ja durante a execu¢do da soldagem é oferecida pelos materiais
de adi¢ao conhecidos como de “baixa temperatura de transforma¢do” (BTT). Comparados com metais de adi¢do convencionais,
esses apresentam uma temperatura de transformagdo de fase inferior a qual pode contrapor a contragdo térmica do material durante
o seu resfriamento. Como resultado, claras tensoes residuais compressivas podem ser observadas na soldas e areas adjacentes. A
resisténcia mecdanica destes consumiveis potencializa a sua aplicagdo para a soldagem de agos de alta resisténcia. Neste trabalho, foram
determinadas as temperaturas de transformagdo de consumiveis BTT. Estas temperaturas foram identificadas usando Analise Térmica
Diferencial com Detector Unico (SS-DTA) e, adicionalmente, radiagdo Sincroton foi usada para determinar a cinética de transformagéo
de todas as fases cristalinas envolvidas durante o aquecimento e resfriamento de um ciclo térmico de soldagem simulado.

Palavras-Chave: Andlise “in-situ” de fases, difra¢do de energia dispersiva, transformagdo de fase, consumivel de baixa temperatura
de transformagao.

1. Introduction using manganese instead of nickel. Carbon content is kept low to
avoid greater amounts of residual austenite and high hardness of

The approach to design a welding material which shows martensite. According to Mikami et al. [6], the M_ - temperature

the capacity to create a residual stress distribution beneficial
for distinct applications, i.e. fatigue, cold cracking resistance or
distortion was proposed by Japanese scientists [1]-[4]. The basic
idea was to shift the solid phase transformation of austenite to
martensite into a temperature range where expansion resulting
from transformation superimposes the cooling-specific
contraction and thus leads to low tensile residual stresses or even
compressive residual stresses in the weld and HAZ.

Such a welding material is typically high alloyed with distinct
contents of nickel and chromium of around ten percent each.
Another publication by Martinez Diez [5] describes an approach

(Recebido em 03/08/2008; Texto Final em 04/12/2008).

82

of LTT - welding material is unaffected by cooling rate, what
implies that predominantly the chemical composition affects the
temperature of transformation from austenite into martensite.

In order to investigate the influence of the amount of
alloying elements on transformation temperatures and further
on the resulting residual stresses, a matrix of LTT filler
materials was created, where amounts of nickel and chromium
were systematically varied to obtain different transformation
temperatures, as presented in [7].

Several authors [8]-[13] have published results to the
possibilities of diffraction measurements for in-situ analyses of
different types of steel. In the present work in-situ analyses of
Low Transformation Temperature filler material under conditions
similar to welding, using high energy synchrotron radiation,
were carried out for the first time. The investigations were aimed
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at characterising specific LTT filler materials with regard to their
phase composition depending on different cooling rates.

Additional measurements concern the transformationkinetics,
i.e. the time-related formation and existence of individual phases.
Potential dynamics of these processes should be examined also
depending on the heating and cooling rates. The effect of the
respective phase portions, transformation temperatures and
transformation kinetics can finally be determined via the residual
stress condition of real specimen welds, as described in [7],
[14]. In the first step, the investigations were conducted using
an enclosed furnace which was installed on a diffractometer.
Temperatures up to 1100 °C were realised.

The objective of these investigations was the qualification
of the respective phases occurring at different temperatures.
Measurements concerning the transformation kinetics of weld
metal specimens were carried out in an enclosed furnace. This
procedure allowed identifying an influence of the cooling rate
not only on the type of the evolving phases, but also on the point
in time and thermal conditions (transformation temperature) of
their appearance.

In order to verify the results from diffraction analysis,
complementary measurements using the Single Sensor
Differential Thermal Analysis (SS-DTA) introduced by
Alexandrov and Lippold [15] were applied during real welding
conditions.

2. Experimental
2.1. Material

LTT welding material used in this work is presented in Table
1. Three different stick electrodes were applied to produce all-
weld metal free from dilutions of parent material. The chemical
composition was varied in terms of the nickel content, the
amounts of all other elements were kept constant. The assumed
transformation temperatures were determined by the formula
of Steven and Haynes [16]. As a result of the increasing nickel
content the M -temperature is shifted to lower values.

Table 1. Chemical composition of weld metal and calculated M -temperatures.

LTT filler Alloying elements in weld metal in wt.% Calculated M -
No. C Ni Cr Mn Si temperatures in °C [16]
0.04 8 10 0.7 04 213
0.04 10 10 0.7 0.4 179
3 0.04 12 10 0.7 04 145

2.2. Synchrotron Analysis

Synchrotron analysis was conducted at materials science
beamline EDDI of the Hahn-Meitner-Institute (HMI) at BESSY,
3" generation synchrotron facility in Berlin, Germany [17]. An
energy range of 20 to 150 keV for investigations is made available
there. This condition allows simultaneous determination of all
crystalline phases of a material within one experiment under a
fixed diffraction angle. During a simulated welding heat cycle,
diffraction lines were measured in discrete time steps of 8 s.
Synchrotron analysis was conducted only for LTT — material
No. 1 with 8 % Ni. Austenisation temperatures during heating
as well as martensite formation temperatures during the cooling
cycle could be analysed.

A special domed hot stage was used to realise a thermal cycle
similar to welding conditions. Investigations using synchrotron
radiation made special specimen preparation necessary. Chips
with a diameter of 10 mm and a thickness of 0.3 mm were
prepared from all-weld metal produced in multi-layer welding.
The chip specimens were placed in the hot stage covered by
a carbon dome which is penetrable for synchrotron radiation.
Nitrogen was used as shielding gas. The thermal cycles for
heating and cooling are summarised in Table 2. The cooling rate
decreased at lower temperatures, since no active cooling was
applied. Table 3 shows the parameters used for synchrotron
analysis.

Table 2. Parameters for heating and cooling cycles.

Cycle Start temperature Finish temperature | Heating/Cooling rate
1 ambient 1100 °C 500 K/min
2 1100 °C ambient max. 500 K/min

Table 3. Parameters for synchrotron analysis.

Primary beam cross section

1x1 mm?

Absorber

2 cm graphite

Diffraction angle

20=14°

Measuring mode

Reflexion

Measuring time

8 s / spectrum

Calibration

Tungsten powder
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2.3. Thermal Analysis

Type K thermocouples were used. Table 4 shows the
characteristics of this type.

Table 4. Characteristics of used thermocouples.

Thermocouple Material
type K NiCr(+) / Ni(-)

Temperature range
0°C-1200°C

For the thermal analysis, welding was performed directly on
a water cooled copper plate in order to obtain all-weld metal
free from dilution. This procedure was confirmed by other
authors, i.e. Martinez Diez [5]. After cooling down to ambient
temperature, thermocouples were applied by resistance welding
directly onto the weld metal. Reaustenisation was achieved by
heating up to 900 °C using an muffle furnace. The material was
then immediately immersed into hardening oil to ensure constant
cooling conditions.

The thermal history was online recorded until ambient
temperature was reached. The acquired data were analysed
according to the methodology of Alexandrov and Lippold [15].
Transformation temperatures could thus be determined from
discontinuities in the thermal history caused by latent heat release
associated with phase transformations. The discontinuities
can be detected by calculating the difference of the measured
thermal cycle from a reference thermal cycle, i.e. an exponential
function obtained from regression analysis. Thermal analysis
were applied for all investigated LTT - materials and provided
martensite start temperatures.

3. Results and Discussion
3.1. Phase Transformation during Heating

Before starting the heating cycle, diffraction patterns of
sample material were recorded at ambient temperature. The result
is shown in figure 1. The diffraction lines are either martensitic
or austenitic. No other diffraction lines were found.
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Figure 1. Diffraction pattern at ambient temperature showing
martensite and austenite diffractions (initial condition).
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Specimen showed beside martensite peaks distinct
diffractions from the austenitic spectrum. Diffraction patterns
were then recorded during heating up to a temperature of 1100
°C. In the following, a 2D-density plot of the diffraction patterns
during heating is given as a function of the time, respectively
temperature (see figure 2). In this plot, high intensive diffraction
peaks are represented by white coloured lines. Density plots are
useful as a first tool to identify changes the in diffraction patterns.
Thus, areas of interest can be easily located and analysed in detail
in the respective spectra. All visible diffractions are marked
within the figure.
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Figure 2. Density plot of diffraction patterns during heating
cycle. Austenisation range is characterised by overlapping
martensite and austenite diffractions.

During heating, a slight movement of the lines to lower
energy regions is visible due to thermal expansion and associated
change in atomic spacing. In the distribution of the lines, a
change is observed in a temperature range between 400 °C and
600 °C. This temperature range indicates the austenisation and
is subsequently specified.

Figure 3 shows the diffraction pattern at a temperature of
438 °C, shortly before austenisation started. This pattern is still
identical with the one shown for ambient temperature given in
figure 1.

At a temperature of Ac, = 507 °C, the pattern has changed.
For the first time, additional austenite peaks appeared, see figure
4. The austenisation started at this point in time. The amount
of martensite was decreased here and, hence, the intensity of
peaks was reduced. Even at a temperature of Ac, = 577 °C, all
martensite peaks disappeared, instead only austenite ones were
visible, see figure 5.
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Figure 3. Diffraction pattern at T = 438 °C showing martensite
and austenite diffractions shortly before austenisation.
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Figure 4. Diffraction pattern at Ac, = 507 °C showing
martensite and austenite diffractions at beginning austenisation.
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Figure 5. Diffraction pattern at Ac, = 577 °C showing austenite
diffractions at completely austenised material.

The material had completely austenised. This phase
transformation started and finished quite simultaneously for all
recorded diffraction lines. Further changes in the spectra were
not existent. The point in time and temperature of austenisation
could definitely be established. As a first result, the austenisation
temperature for the studied LTT - material No. 1 is given in
Table 5. The relatively large confidence intervals result from
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the temperature range which was passed through during the
measuring time of 8 s per recorded spectrum.

Table 5. Austenisation temperatures for LTT welding material.

Temperature of LTT filler
austenisation 8 % Ni
Ac 507 + 68 °C
Ac, 577+ 56 °C

3.2. Phase Transformation during Cooling
3.2.1.Synchrotron Analysis

Considering the diffraction patterns during cooling, it is
remarkable that retransformation into martensite starts at different
temperatures for respective diffraction lines. It is obvious that
martensite diffraction lines at lower energies, i.e. 110_at 25 keV,
appear earlier than diffractions at higher energies, see figure
6. An explanation for that phenomenon could be the fact that
diffractions at lower energies represent surface near penetration
depths, whereas due to the temperature gradient martensite
transformation starts earlier compared to core regions. Figure
7 shows the start of the transformation at M_ = 195 °C. The
first martensite peak 110a appears here slightly overlapped by
austenite 111y.
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Figure 6. Density plot of diffraction patterns during cooling
cycle. Start of martensite transformation is characterised by
appearing martensite diffractions.
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Figure 7. Diffraction pattern at M_= 195 °C showing martensite
and austenite diffractions. Zoomed area represents energy
range including first visible martensite diffraction.

When transformation continues, further diffraction lines
arise at higher energies. At a temperature of T = 108 °C (figure
8), diffraction peaks from martensite phase are completely
developed and no further qualitative change in diffraction pattern
during cooling down to ambient temperature is apparent.
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Figure 8. Diffraction pattern at T = 108 °C for specimen No. 1
showing martensite and austenite diffractions.

The phase transformation obviously decays at a Temperature
T, = 35 °C with some retained austenite, clearly visible from
pronounced austenite diffraction lines, shown in figure 9. This
Temperature cannot be assumed as M,, since retained Austenite
is still present. The Temperatures determined from synchrotron
analysis during cooling are summarised in Table 6.

Table 6. Relevant temperatures obtained during cooling of LTT
- material No. 1

LTT filler
Temperature
8 % Ni
M, 195+ 6 °C
T, 35+£1°C
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Figure 9. Diffraction pattern at T, = 35 °C for specimen No.
1 showing martensite and austenite diffractions (martensite
formation decays).

3.2.2.Thermal Analysis

The temperature curves measured during cooling of LTT
weld metals are shown in figure 10. Effects of different phase
transformation temperatures become already apparent here.
A detailed analysis determining the deviation compared to a
reference thermal cycle, using an exponential or cubic function,
revealed the M_ - temperatures of the investigated material, see
figure 11. Also the first and second deviation of the thermal
cycle is helpful to identify the M_ - temperature.

The M, temperatures show a linear decrease with increasing
nickel content, see Table 7. Compared to the synchrotron
analysis, the values of LTT - material No. 1 are slightly lower.
The reason for that could be the different size of specimens used
in the investigations. In the synchrotron analysis, the investigated
volume was very small compared to the thermal analysis of weld
metal. This is the reason why the bulk temperature of martensite
transformation of the weld in the latter case differs from the
point analysis (I mm?) when using synchrotron radiation.
However, concerning measurement uncertainties, the values
differ only by 5 °C. Further, the results indicate that the M_ -
temperature is relatively unaffected by the cooling conditions
since, synchrotron and thermal analysis exhibit comparatively
slow and rapid cooling rates.
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Figure 10. M_ - temperatures of investigated LTT materials
located on measured cooling curves.
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Figure 11. Deviation of measured and reference thermal
cycle of LTT — material No.1 (8 % Ni) coinciding with M_—
temperature.

Table 7: Comparison of M_ - temperatures determined by
synchrotron and thermal analysis to calculation by Steven and
Haynes [16]

LTT - material No. 1 No. 2 No. 3
Ni content 8 % Ni 10 % Ni 12 % Ni
synchrotron 195 °C - -
thermal 184 °C 90 °C 39 °C
calculated 213 °C 179 °C 145 °C

Results also prove that the linear calculation formula by
Steven and Haynes shows good coincidence only for the LTT -
material with a nickel content of 8 %. With higher nickel contents
results are lower than calculation has predicted. The advantages
of diffraction analyses i.e. synchrotron radiation, can be stated
as follows. Contrary to techniques using secondary effects, like
changes of temperature in thermal analysis, diffraction analysis
gives the opportunity of direct observation of occurring phase
transformations. Since peak positions in the spectra are directly
relatable to different phases no additional analysis into the
microstructure isnecessary. In addition, diffraction measurements
permit quantitative determination of the amount of individual
phases, what is planned for future studies. Furthermore, using
high sampling rates, the exact determination of start and finish
temperatures i.e. Ac, and Ac, becomes possible.

4. Conclusions

Synchrotron as well as thermal analysis was conducted
on a specific selection of Low Transformation Temperature
(LTT) welding material. Nickel content was varied within 8
% to 12 %. Also the influence of different cooling conditions
was investigated. At the present state of investigations into
the transformation temperatures of LTT - filler material, the
following conclusions can be drawn:

1. For the first time, transformation temperatures during heating
and subsequent cooling of Low Transformation Temperature
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(LTT) welding material could be assessed by use of
synchrotron radiation. For the investigated weld metal with
a chromium content of 10 % and a nickel content of 8 %,
austenisation takes place within a temperature range between
507 °C and 577 °C. Martensite transformation occurs at 195
°C and decays at 35 °C. Based on these measurements, M_ -
temperatures of further LTT - material with varying nickel
content could be assessed by thermal analysis.

2. The results show that the temperature of martensite start
is strongly dependent on the content of alloying elements.
With higher nickel content, the M_ - Temperature is shifted
to lower temperature regions. This should also lead to a shift
of the martensite finish temperature; e.g. in case of higher
nickel contents to below ambient temperature with respective
amounts of retained austenite.

3. The temperature of martensite formation is unaffected by
cooling conditions in the studied case. Results indicate almost
equal values during the events of slow and rapid cooling
what gives a stable working frame independently of cooling
conditions when applying LTT - material.

4. The investigated LTT - material is qualified for creating
compressive residual stresses in the weld and HAZ by using
the effect of martensite transformation at low temperatures.
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