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Abstract Modern heat resistant 9–12% Cr steels require
optimised heat treatments and welding strategies to receive
the best mechanical and long-term creep properties during
the fabrication of power plant components. Therefore, the
phase transformation temperatures—especially the austenite
and martensite transformation temperatures—have to be well
known to define optimised heat treatment and interpass tem-
peratures as well as heating and cooling rates. Since phase
transformations are influenced by the chemical composition
of the materials and other numerous factors, it is important to
pay attention to the circumstances surrounding the determina-
tion of these temperatures. To determine specific phase trans-
formation temperatures various methods and procedures like
dilatometry, single-sensor differential thermal analysis (SS
DTA) or differential scanning calorimetry (DSC) were
established. The presented comparative study was initiated
to investigate and quantify possible scattering within the mea-
sured values of participating institutions. Therefore, the com-
mercially available martensitic heat resistant steel P91 was
used to compare specific phase transformation temperatures
determined by several participating institutes and laboratories.
Two different simplified temperature cycles were defined to
identify possible scattering and differences within the deter-
mined phase transformation temperatures. Furthermore,

possible differing results regarding the evaluation of a given
dilatometry data set by various institutes and laboratories were
discussed. The presented round robin test shows that institutes
and laboratories although using standard methods of analy-
sis—which are said to be state of the art—are reporting vari-
able values for the critical phase transformation temperatures
in the steel of interest. It is also shown that the amount of
scattering can vary widely depending strongly on the specific
phase transformation temperature which has to be determined.

Keywords (IIW Thesaurus) Transformation . Creep
resistingmaterials . Dilatometry . Austenite . Martensite

1 Introduction

Advanced creep resistant 9–12% Cr steels show very critical
characteristics related to their heat treatment, i.e. normalizing,
tempering as well as after welding and post-weld heat treat-
ment (PWHT). In order to determine the optimum heat treat-
ment parameters, exact knowledge of phase transformation
temperatures is mandatory. In case of welding 9–12% Cr
steels followed by an optimal PWHT, the start of austenite
formation (Ac1-temperature), its completion (Ac3-tempera-
ture) during heating as well as the beginning (Ms-temperature)
and completion of martensite formation (Mf-temperature) dur-
ing cooling are of great interest regarding the mechanical and
long-term creep properties of welded joints.

With respect to phase transformations during welding and
heat treatments, the heating and cooling rates have to be con-
sidered as transformation temperatures are strongly influenced
by these. Significant superheating or undercooling may occur
compared to the predicted equilibrium phase transformation
temperatures.
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There exist several different methods of measuring
phase transformation temperatures like dilatometry,
single-sensor DTA or differential scanning calorimetry.
Each method has its own characteristics, advantages and
disadvantages. Due to the physical background of the dif-
ferent methods, differences between determined points of
phase formation as well as in scattering within the mea-
sured values can occur.

Parallel to the various devices and methods of measur-
ing, different methods and algorithms are used to evaluate
measured data sets. The variety of these methods exhibits
advantages and disadvantages with respect to the exact-
ness of the results. One of the most commonly used algo-
rithms regarding determination of phase transformation
temperatures on dilatometric data is the so-called tangent
method. Next to manually procedures, various methods of
evaluation based on mathematical calculations exist and
are still part of development and investigations. Yang and
Bhadeshia proposed a method in which dilatometric data
are interpreted by defining the first onset of transforma-
tion to be that at which a critical strain is achieved relative
to the thermal contraction of the parent phase. The critical
strain is calculated for 1 vol% martensitic transformation
assuming that the latter occurs at room temperature, by
using equations for the lattice parameters of austenite
and martensite [1]. Like the different methods of measur-
ing, the methods of evaluation can strongly affect the
determination of phase transformation temperatures.

It has to be mentioned, that only a few standards and
guidelines exist in the field of measurement and determi-
nation of phase transformation temperatures. Examples are
the American ASTM A1033-10 [2] as well as the German
SEP guidelines [3] and [4]. Especially, the latter are giving
instructions regarding the preparation of time-temperature
transformation (TTT-) diagrams. Other standards like [5],
[6] and [7], which describe methods to evaluate linear ther-
mal expansion of solid materials by thermomechanical
analysis or dilatometry, can give practical hints regarding
the experimental setup, sample preparation and implemen-
tation of experiments.

It is known that phase transformation temperatures in
ferritic/martensitic steels are influenced by various factors.
Ac1-, Ac3-, Ms- and Mf-temperatures are strongly depen-
dent on the chemical composition of the material.
Depending on the alloying content elements like C, Mn,
Cr, Mo and Si lead to an increase or decrease, respectively
of the individual transformation temperatures [8, 9]. The
influence degree of C depends on C-X interactions and
interactions between substitutional alloying elements can
play an important role in changing the Ms-temperature [8,
10]. Furthermore, it is important to note that the prior aus-
tenite grain size as well as austenitisation temperature exert
significant influence on the different phase transformation

temperatures [11, 12]. The available time given to phase
transformations to occur, which is directly connected to
heating and cooling rates, influences the values of phase
transformation temperatures as can be seen from continu-
ous heating transformation (CHT-) and continuous cooling
transformation (CCT-) diagrams [12]. This short and in-
complete numeration of factors affecting the phase trans-
formations exhibits the importance of paying attention to
the circumstances surrounding the determination of Ac1-,
Ac3-, Ms- and Mf-temperatures.

The aim of the presented study was to take advantage of the
expertise of various institutes and laboratories and to evaluate
different methods of phase transformation measurements.
Further, the comparative study was initiated to investigate
and quantify possible scattering within the measured values
of participating institutions. Thereby, possible influences
within experimental work as well as differences within the
results induced by the methods of evaluation should be
investigated.

2 Objectives and test conditions

The presented round robin test is divided into three parts.
In the first two parts—Task 1 and Task 2—the participants
were asked to carry out practical experiments using their
standard methods to measure and analyse the phase trans-
formation temperatures Ac1 (beginning of austenite trans-
formation), Ac3 (completion of austenite transformation),
Ms (beginning of martensite transformation) and Mf (com-
pletion of martensite transformation). The temperature cy-
cles within Task 1 and Task 2 were kept simple to keep the
focus of the investigation on possible influences and scat-
tering regarding the transformation temperatures. Further,
this elementary temperature cycles—only consisting of
simple linear heating, holding and cooling segments—
should also allow the use of different devices and methods
of analysis. In general, determination of phase transforma-
tion temperatures seems to be a simple task within mate-
rials science. The main aim of Task 1 and Task 2 was to
check how close to each other the results of different lab-
oratories are, if the same material as well as the same tem-
perature cycles is used. Therefore, each laboratory was
requested to perform the given experiments and an own
analysis.

In the third part of the presented study (Task 3), the partic-
ipants were asked to determine the four phase transformation
temperatures Ac1, Ac3, Ms and Mf on a given data set. That
means each laboratory should use its standard method or al-
gorithm. The evaluation of one single data set by every par-
ticipant should show possible differences in the results caused
by evaluation methods.
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2.1 Materials

For experimental work within Task 1 and Task 2, commercial-
ly available martensitic heat resistant steel P91 according to
ASTM A335 M—also designated as X10CrMoVNb9-1 ac-
cording to VdTÜV 511/2-06.2001 and VdTÜV 511/2 sheet
12.2003—was used. Table 1 shows the chemical composition
of the delivered material as well as corresponding cut-off
grades for the alloying elements given by the standards men-
tioned above. Sufficient material, depending on the applied
experimental methods, was distributed to each participant.
Due to the variety of sample shapes and sizes, the preparation
of specimens was done by each laboratory itself.

The material was delivered as hot finished seamless steel
tube with an outer diameter (OD) of 48.3 and 7.14 mm wall
thickness (WT). As common in trade, the tube material was
present in normalized (1060 °C for 20 min followed by air
cooling) and tempered (780 °C for 60 min followed by air
cooling) condition.

The dilatometry experiments to measure and create a data
set for Task 3 were carried out on a new generation experi-
mental 9Cr steel, which is a possible candidate material for
high temperature applications in future ultra-supercritical
power plants. The 9Cr3W3CoVNbBN alloy used is generally
known and designated as martensitic boron and nitrogen
strengthened 9Cr steel (MARBN). The chemical composition
of the MARBN alloy is also given in Table 1. MARBN ma-
terial was present in normalized (1150 °C/1 h) and tempered
(770 °C/4 h) condition. Further information regarding this
alloy can be found in literature, for example [13–15].

The MARBN alloy was selected to include a material that
is currently part of material research in many countries.
Further, the use of MARBN material should clearly separate
Task 1 and Task 2 from Task 3.

Task 1: Measurement of phase transformation tempera-
tures according to ASTM A1033-10

In the first part of the presented round robin test, the par-
ticipants were asked to carry out slow heating experiments to
determine close to equilibrium values of Ac1 and Ac3 referring
to ASTM A1033-10 standard. Further, the determination of
Ms and Mf should allow a comparison of the several methods
of analysis and show possible scattering of identified transfor-
mation temperatures.

The temperature cycle defined for Task 1 is shown in
Fig. 1. After heating up a sample from room temperature
(RT) to 700 °C using a moderate heating rate of 10 K/s, the
heating rate was reduced to 28 K/h [2]. Due to the slow
heating rate within the temperature range between 700 and
1000 °C, the austenite formation between Ac1 and Ac3 occurs
close to the thermodynamic equilibrium condition. In case of
the use of slow heating devices, the implementation of slower
heating rates for the first part of the temperature cycle was
possible. After reaching 1000 °C, the sample had to be cooled

down to room temperature using a cooling rate of 10 K/s. The
defined cooling rate as well as the scheduled determination of
Ms and Mf are not of technical relevance but useful to deter-
mine a possible scattering between the results of the several
participants and experimental methods, respectively.

Within Task 1, the defined temperature cycle was repeated
three times to get an average value of three experiments. For
every experiment, a new specimen was used to exclude pos-
sible influences of thermally induced microstructure changes.

Task 2: Measurement of phase transformation tempera-
tures referring to a welding process

In the second task, a faster thermal cycle was investigated
with regard to the thermo-physical simulation of a welding

Table 1 Chemical composition (wt%) of P91 tube material (used to
determine phase transformation temperatures within Task 1 and Task 2)
as well as MARBN alloy (used to measure a data set for Task 3)

Element P91 (cut-off grades) P91 MARBN

C 0.08–0.012 0.10 0.068

Si 0.20–0.50 0.26 0.31

Mn 0.30–0.60 0.48 0.45

Cr 8.00–9.50 8.43 9.46

P Max. 0.02 0.014 0.0105

S Max. 0.01 0.003 0.003

Mo 0.85–1.05 0.95 0

Ni Max. 0.40 0.14 0.06

Al Max. 0.04 0.013 0.002

Nb 0.06 0.10 0.07 0.066

V 0.18–0.25 0.22 0.171

N 0.03–0.07 0.044 0.013

B – – 0.0083

Co – – 2.96

W – – 2.747

Fig. 1 Schematic diagram of temperature cycle 1 used to determine
close-to-equilibrium values of Ac1 and Ac3 as well as values of Ms and
Mf at moderate cooling
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process. The applied temperature cycle shown in Fig. 2 is
defined by a peak temperature of 1300 °C as well as higher
heating and cooling rates.

Within the second temperature cycle, a heating rate of
100 K/s was defined to heat up the sample from room temper-
ature to 1300 °C to determine Ac1 and Ac3 under conditions
close to a welding process. The holding time of 10 s at
1300 °C was defined to exclude problems regarding the con-
trol and measuring systems of the several devices as well as to
enable a complete through heating of the sample.
Subsequently, the sample had to be cooled down to room
temperature at a cooling rate of 20 K/s—which corresponds
to a t8/5-time of 15 s—to determine Ms and Mf.

Main objective of Task 2 was to identify possible difficul-
ties and effects on the scattering of the measured phase trans-
formation temperatures caused by higher heating and cooling
rates. As described above, measurements applying tempera-
ture cycle 2 also were repeated three times.

Task 3: Evaluation of a given data set
In the third part of the presented study, the evaluation of a

given data set by every participant should show possible dif-
ferences between evaluation methods as well as possible sub-
jective influences.

As shown in Fig. 3, crude data consisting of time (t), tem-
perature (T) and change in length (Δl) was provided by the
coordinators. The data was measured on boron and nitrogen
containing new generation 9Cr martensitic heat resistant steel
using a push rod dilatometer. Using this data set, every con-
tributor was asked to determine the transformation tempera-
tures Ac1, Ac3, Ms and Mf. Each laboratory used its standard
method for analysing the given data set. Regarding the defi-
nition of transition points, no restrictions in methods or algo-
rithms were made by the coordinators.

The experimental temperature cycle for Task 3 was defined
as follows: the sample was heated up in vacuum atmosphere
to 1300 °C applying a linear heating rate of 10 K/s. After 10-s

holding time, the specimen was cooled down at a linear
cooling rate of 20 K/s which was realised with Argon gas.

3 Methods

The coordinators did not make restrictions regarding experi-
mental details like heating system (i.e. induction or furnace
heating), shielding and cooling gases, types of thermocouples,
sample holder materials, etc. The methods of evaluation used
to analyse the measured data was not specified. For example,
manually drawn tangents or mathematical software—partly
included within the measurement systems as well as self-
made and programmed by the institutions—were used to eval-
uate the measured crude data.

Most of the participants used dilatometry devices and mea-
sured the change in length of the samples. Only one partici-
pant determined the phase transformation temperatures by
measuring the change in diameter. The used devices were
from different fabricators and of different age. Two institutes
used the differential thermal analysis (DTA) and single sensor
differential thermal analysis (SSDTA) to determine the phase
transformation temperatures.

Fig. 2 Schematic diagram of temperature cycle 2 used to determine
values of Ac1, Ac3, Ms and Mf referring to a welding cycle

Fig. 3 Top part of the crude data which was provided to all participants,
bottom diagram of the defined t-T-cycle and measured dilation curve of
Task 3
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4 Results

It has to be mentioned that the following diagrams and results
were anonymised. That means the presented measured values
cannot be traced back to a specific institution. The participant
numbers given in the diagrams are not correlating with the
order of the participants named in the acknowledgement.

Task 1
The Figs. 4 and 5 illustrate the average values of phase

transformation temperatures Ac1, Ac3, Ms and Mf which were
measured and determined by the participants within Task 1.
Regarding the austenite transformation temperatures the
values for Ac1—apart from the institutes 11 and 12—show a
much lower deviation than the Ac3-temperatures. This is also
visible in Table 2, which provides a comparison of Task 1 and
Task 2 regarding minimum, maximum and average values as
well as the calculated standard deviations of phase transfor-
mation temperatures. The significant scatter is particularly
visible in the standard deviations of Ac1 (18.1 °C) and Ac3
(28.3 °C). The span between the minimum and maximum
value for the completion of austenite formation (96 °C) is
much wider compared with Ac1 (57 °C), Table 2.

The values of Ms and Mf determined within Task 1 show
similar trends. As in the case of austenite phase transformation
temperatures, the values for the initial and completion of the
martensite phase formation show statistically significant vari-
ations within each dataset. This is reflected in the standard
deviation of theMf-temperature (30.6 °C). This value is twice
as high compared to the standard deviation of the Ms-temper-
ature (16.1 °C). Additionally, the difference between the min-
imum and maximum measured values within each of the Ms

and Mf datasets shows a large deviation of 107 and 65 °C,
respectively and as reflected in Table 2.

The results of Task 1 indicate that determination of the
completion of a phase transformation is more complex and
critical than its start.

Task 2
As already mentioned, the second temperature cycle was

defined to identify a possible increase in scattering caused by
fast heating and cooling rates. The results of Task 2 are shown
in Figs. 6 and 7. Within both diagrams an increased scattering
of Ac1, Ac3 andMf is observed. Only the scattering of theMs-
temperature is not significantly affected by the increased
heating and cooling rates.

In general, the austenite transformation temperatures Ac1
and Ac3 are showing the same trends as described within Task
1. However, the faster temperature cycle increases the stan-
dard deviation of both transformation temperatures. The com-
parative values within Table 2 make clear that the temperature
cycle affects the determination of austenite start temperature
Ac1 (increases from 18.1 to 26.1 °C) less than the determina-
tion of austenite finish temperature Ac3 (increases from 28.3 to
43.0 °C). Compared to Task 1, the span between the

maximum and minimum values is increased with increased
heating rate for the Ac1 (increases from 57 to 88 °C) and Ac3
(increases from 96 to 160 °C). In this case, the Ac3-tempera-
ture is significantly more affected in comparison to Ac1.

As already indicated, scattering within the determined
values of the Ms-temperature remains nearly constant. The
standard deviation remains slightly above the calculated value
from Task 1 (16.3 °C versus 16.1 °C). Besides that the gap
between highest and lowest measured value decreased slightly
from 65 to 57 °C, see also Table 2. Contrary to the Ms-tem-
perature, the measured values regarding the completion of
martensite transformation exhibit an increased scattering com-
pared to Task 1. The standard deviation changes from 30.6 to

Fig. 4 Ac1- and Ac3-temperatures determined by the participants within
Task 1

Fig. 5 Ms- and Mf-temperatures determined by the participants within
Task 1
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40.0 °C. Similarly, the span between minimum and maximum
measured values increases from 107 to 139 °C.

The values of Task 1 and Task 2, showing the differences in
scattering and calculated standard deviations of the phase
transformation temperatures, are summarised in Table 2.

Task 3
Figure 8 shows the phase transformation temperatures

evaluated by the participants for the given data set (see
Fig. 3) using their standard method of analysis. Table 3 sum-
marizes the collected phase transformation temperatures and
shows the calculated average values as well as the standard
deviations. It becomes apparent again—as already shown for
the results of the first two tasks—the onset of the phase trans-
formations seems to be easier to determine than its
completion.

The calculated standard deviations, especially for the Ac1-
and Ms-temperature, are indicating a lower scattering of the
evaluated temperatures in comparison to Task 1 and Task 2,

see Tables 2 and 3. However, the difference of the standard
deviations between the completion and beginning is signifi-
cant. As an indicator for the scattering of the evaluated values,
the standard deviation for Ac3 (20.7 °C) is about three times
higher than in case of Ac1 (6.2 °C).

Regarding the martensite transformation temperatures, this
ratio is even increased. The calculated standard deviation for
Mf (29.0 °C) is about six times higher than the value calculated
for the Ms-temperatures (4.6 °C). Analogous to these ratios,
the ranges between the highest and lowest values also deviate
significantly. The span between these values amounts to 60 °C
for the Ac3- as well as 75 °C regarding the Mf-temperatures.
Whereas the differences between the minimum and maximum
values evaluated for the Ac1- andMs-temperatures are only 19
and 15 °,C respectively.

Fig. 8 Phase transformation temperatures determined using a given data
set

Fig. 6 Ac1- and Ac3-temperatures determined by the participants within
Task 2

Fig. 7 Ms- and Mf-temperatures determined by the participants within
Task 2

Table 2 Comparison of Task 1 (close-to-equilibrium values/moderate
cooling rate) and Task 2 (close to welding cycle) regarding minimum,
maximum and average values as well as the calculated standard devia-
tions of phase transformation temperatures. (all values given in °C)

Task 1 Task 2

Ac1 Ac3 Ms Mf Ac1 Ac3 Ms Mf

Minimum 768 828 362 204 821 904 349 197

Maximum 825 924 427 311 909 1064 406 336

Average 812 882 385 243 882 965 380 248

Deviation 18.1 28.3 16.1 30.6 26.1 43.0 16.3 40.0
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5 Discussion

The results of the presented study show that great discrepan-
cies can occur within the determination of phase transforma-
tion temperatures by different laboratories. Although each par-
ticipant used the same material as well as the same tempera-
ture cycles, the determined temperatures differ partly widely
from each other. The reasons for these deviations are difficult
to find. Therefore, the following remarks can only discuss
approaches and ideas for possible causes. In order to deter-
mine the influence of individual parameters or evaluation
methods on the determination of phase transformation temper-
atures further detailed investigations are necessary.

First, it can be noted that differences in the exact
determinability between the various phase transformations ap-
pear to exist. The results show that the beginning of a phase
transformation seems to be more clearly determinable than its
end. In all three tasks, the quality of the determined Ac1- and
Ms-temperatures seems to be much higher in comparison to
the phase completion temperatures Ac3 and Mf. This can be
attributed to the respective standard deviations, see Tables 1
and 2. In all tasks, the deviations for Ac1 and Ms are much
lower than for Ac3 andMf. Therefore, the definition of an exact
point were the phase transformation is completed seems to be
difficult and varies from laboratory to laboratory. One possible
reason could be the linearity of the measured change in length.
For example, if the measured curve tends to a curvature at
higher temperatures, the creation of tangents to analyse the
curve can be more difficult and inaccurate. Especially, Task
3 shows that the definition of phase completion is a problem.
Although in this case, influences by experimental parameters
were excluded and each participant evaluated the same data
set, Ac3 and Mf show significant deviations.

A further result of the study is that heating and cooling rates
influence the deviations between the determined phase trans-
formations. The participants carried out experiments using
low (Task 1) and high (Task 2) heating and cooling rates.
The minimum, maximum and deviation values in Table 2
show clearly that higher heating and cooling rates increase
the deviation of the determined phase transformation

temperatures. The standard deviation of Ac1, Ac3, Ms and Mf

within Task 1 is always lower than in Task 2. It is possible that
faster temperature cycles influence the linearity of the mea-
sured curves. For example, that means the higher the heating
rate the greater the curvature of the measured change in length
curve. This could possibly affect the accuracy of the
evaluation.

In contrast to the first two tasks, the participants did not
carry out practical experiments within Task 3. The purpose of
this task was to examine possible influences of the evaluation
methods on the deviation of Ac1, Ac3,Ms andMf. This showed
that the use of a given data set to determine the phase trans-
formation temperatures lowers the deviation within the results
of the participants. In comparison to Task 1 and Task 2, all
standard deviations in Task 3 are lower. Especially the deter-
mined values for Ac1 andMs (apart from participants 5 and 11)
are very close each other. This indicates that the evaluation of
measured data contains less error sources than the execution
of the experiments with subsequent evaluation. Therefore,
possible reasons for the significant deviations in Task 1 and
Task 2 seem to be more related to how experiments are per-
formed and how the data are measured.

Looking on the parameters which have to be defined before
the execution of the measurements, there are a number of
variables that may impact deviations within the measured
values. An attempt to identify potential sources of deviation
in the experimental data is discussed in this section. The eval-
uation of participant’s comments and information on experi-
mental details showed, that the parameter settings of the indi-
vidual laboratories, used for the experiments in Task 1 and
Task 2, were partly different from each other. Sample holder
materials varied between fused silica, aluminium oxide
(Al2O3), silica (SiO2) as well as silicon nitride in combination
with mica plates. The different physical properties of these
materials, such as thermal conductivity and thermal expansion
coefficient, in conjunction with the respective measuring sys-
tem, could influence the measurement of the change in length
or diameter. Further, thermocouples of type K, S and R were
used to measure and control the temperatures as well as the
heating and cooling rates, respectively. The use of different
thermocouples could be another reason for the significant de-
viations in the first two tasks since every type is suitable for a
certain temperature range (type K: up to 1200 °C, types R and
S: 1600 °C). Since the accuracy of type K (±4 °C at 1000 °C)
and type R/S (±1 °C at 1000 °C) is different and decreases
with increasing temperature, this may also affect the accuracy
of the measurements as well as the temperature control during
the experiments. The atmosphere inside the test chambers was
predominantly adjusted as vacuum, whereby the individual
pressures differed from each other. Only two participants mea-
sured the phase transformation temperatures under an inert
atmosphere using pure argon and helium gas. Further, differ-
ing gases were used to control the required cooling rates.

Table 3 Minimum, maximum and average values as well as the
calculated standard deviations of phase transformation temperatures
evaluated within Task 3. (all values given in °C)

Task 3

Ac1 Ac3 Ms Mf

Minimum 895 945 385 270

Maximum 914 1005 400 345

Average 905 977 391 294

Deviation 6.2 20.7 4.6 29.0
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Reported gases utilized to control the cooling rates included
argon, helium, nitrogen and hydrogen. The different types of
cooling gases influence the cooling cycles due to the thermal
conductivity and heat capacity of the utilized gas. Comparing
the results and values, no correlation between the mentioned
parameters and the scattering within the determined tempera-
tures could be observed. That means, strongly differing values
of Ac1, Ac3, Ms and Mf were not clearly dependent on one of
the experimental parameters mentioned above. In the present-
ed study, it cannot be stated that, for example, the use of
thermocouples of type K results in higher values or that spec-
imen holders made of fused silica allow a more precise deter-
mination. The interaction and the influence of the individual
parameters are very complex. Therefore, studies on the influ-
ence of individual parameters are necessary in order to deter-
mine the experiment variables with the greatest influence in
the measurement of phase transformation temperatures.

In the previous paragraph, statements were made regarding
the various types of thermocouples that can be used to deter-
mine phase transformation temperatures. Thinking about tem-
perature measuring not only the type of the thermocouples has
to be suitable for the temperature cycle to be examined—es-
pecially regarding the peak temperature—but also the method
of attaching the thermocouple on a sample may affect the
measured values. For example, the thin wires of a thermocou-
ple could be placed separately with a certain distance—e.g.,
0.5 or 1 mm—between each other. The closer or wider the
wires are placed to each other, the more accurate or defective
the measurements are. As another possibility, the wires could
be placed and welded together at one point on the sample.
Also such configurations may affect the final results compared
to each other. Further, the quality of the attachment or spot
weld respectively may influence the temperature measuring.
That means an optimal electrical contact is also essential for
the accuracy of the measured temperatures. The coordinators
did not set limitations regarding the thermocouples and mea-
surement systems. This short explanation only tries to show,
how measuring the temperature can affect the determined
transformation temperatures.

In addition to the experimental parameters, the evaluation
methods used can also contain causes for the deviations of the
phase transformation temperatures determined in this study.
The participants used different methods to evaluate the mea-
sured (Task 1 and Task 2) and given data (Task 3). The values
numbered as 2, 6, 7, 10 and 11 were determined by tangents
manually drawn to the measured data curve which indicate the
beginning or completion of a phase formation as a slope
change within the curve. The differences between these results
may arise due to varying subjective assessments when draw-
ing the required tangents. Further settings, such as the consid-
ered area of the data curve or the resolution of the axes, can
influence the evaluation result. The view on a measured data
curve varies from person to person. Therefore, it is

conceivable that the deviation between the temperatures to
be determined increases, the greater the subjective influence
on the evaluation process. The temperatures numbered as 1, 3,
5 and 8 were determined using mathematical calculation soft-
ware. Several participants used self-written algorithms based
on commercially available mathematical software. Others
evaluated the measured data using software tools integrated
within the used devices. Three institutions made no comments
on evaluation of the measured data. Comparing manually and
mathematical determined values no correlation regarding
narrower scattering bands or smaller distances between the
several values of a specific transformation temperature could
be found. Just determined start and completion temperatures
numbered as 5 are showing closest distance (between Ac1 and
Ac3 as well asMs andMf) to each other in all tasks, which may
be attributable to the specific software algorithm used for the
evaluation. Apart from participants 5 and 11, the values for
Ac1, Ac3, Ms and Mf in Task 3 are approximately in good
agreement. Therefore, the specific experimental procedure
seems to have a greater influence on the final results than
the evaluation process or method, respectively.

The definition of beginning and completion of a phase
formation differed between the institutions. Percentages defin-
ing the beginning and completion reached from 0.1 to 3% and
95 to 99.9%, respectively. In general, the defined percentage
affects directly the determined values. Looking on the results
numbered as 1, 2 and 3 exhibits a significant discrepancy
between the determined values within Task 1 and Task 2, even
though beginning and completion of phase formations was
defined equally at 1 and 99%, see Figs. 4 to 7. In Task 3, the
mentioned results are much closer together, see Fig. 8. These
two facts indicate that the main influences regarding scattering
within the determined phase transformation temperatures are
generated due to the implementation and execution of the
specific experiments.

Although the presented results partly show great discrep-
ancies, it has to be mentioned that the determination of Ac1-
temperature close to the thermodynamic equilibrium—which
is essential to define optimized PWHT temperatures—seems
to be sufficiently accurate. Apart from the participants 11 and
12, the values for Ac1 in Task 1 are in good agreement. The
values of Ms-temperature—of great importance for setting
interpass temperatures within optimized welding procedures
required for high quality weldments in 9–12% Cr steels—
were determined in narrow scatter bands. The determined aus-
tenite (Ac1) and martensite start (Ms) transformation tempera-
tures within the presented study are generally adequate and
suitable.

The level of normalizing temperature strongly depends on
the austenite finish temperature Ac3. Therefore, an exact
knowledge of Ac3 helps to set a minimum value for conven-
tional normalisation practises, which aims to sufficiently
resolutionise a given material. Based on a well-established
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martensite finish temperature Mf, the interpass temperatures
could be defined more precisely to affect the toughness and
ductility properties of weldments. The presented results show
that an exact determination of phase completion seems to be
unclear and more complex to define, although the given tem-
perature cycles of Task 1 and Task 2 were kept relatively
simple. Further, within Task 1, a slow temperature cycle ac-
cording to ASTM A1033-10 was chosen, which is generally
used to obtain phase transformations close to the thermody-
namic equilibrium. That means, a complete heating of the
sample through the whole cross-section is guaranteed and ef-
fects like skin effect under induction heating or delayed ther-
mal expansion occurring under faster heating and cooling
rates are minimized and out of the question respectively.

Although the defined temperature cycle in Task 2 was
not appropriate to simulate the heat flow during a welding
process in a realistic manner, it shows clearly that faster
heating and cooling rates cause an increased scattering
and differences within the determined phase transforma-
tion temperatures. Faster heating and cooling rates de-
mand higher standards regarding the measuring and con-
trol systems. Further, the measured data curves could be
affected due to the physical effects mentioned at the end
of the last section. The samples were heated linearly.
However, due to these physical effects, the measured data
curves, for example the change in length, are partly
curved and non-linear. This makes the use of evaluation
algorithms such as the tangent method more difficult and
inaccurate. Therefore, as observed within Task 2 the de-
termined phase transformation temperatures—especially
Ac3 and Mf—exhibit a wider scattering compared to the
results within Task 1. The results show that in the case of
high heating and cooling rates mathematical evaluation
methods should be used. For example, the derivation of
the measured data curve could be used to interpret phase
transformations as a dramatic change in the slope.
Particularly when creating diagrams which are strongly
influenced by the thermal cycle used (for example, CCT
diagrams), the use of mathematical methods could in-
crease the accuracy.

6 Conclusions

The purpose of this study was to evaluate and identify poten-
tial sources of error in common procedures used to obtain data
and analyse the data with regard to phase transformations in
steels. Future studies will use this developed dataset to provide
clear recommendations to standards and procedures to reduce
the uncertainty and inconsistencies in the balance of the mea-
sured temperatures as shown in this study. With regard to the
provided data in this manuscript, the following conclusions
can be made:

– Determination of the relevant phase transformations in
9Cr steels can exhibit statistically significant deviations.
It can be stated that the beginning of a phase transforma-
tion seems to be more clearly determinable than its end.

– The heating and cooling rates strongly affect the precision
of determined values. Increased heating and cooling rates
lead to an increased scattering. Due to physical effects,
i.e. delayed thermal expansion, evaluation of measured
data curves becomes more complex and complicated.

– A number of variables was the execution of the measure-
ments. Therefore, detailed equal experimental standards
should be defined, which requires a systematic investiga-
tion of the parameters like type of thermocouples, sample
holder materials, atmosphere, shielding gases etc.

– The participants used specific definitions of beginning
and completion of phase transformations. Further, various
evaluation methods were used. More detailed specifica-
tions in the standards might help to reduce the depicted
deviations.

– The evaluation of a given data set by all participants
showed comparatively small deviations. Especially, Ac1
and Ms were determined in good agreement between all
participants. This shows that possible sources of error
seem to be related to the execution of the experiments
rather than to the evaluation of the measured data.

– The results show that uniform mathematical evaluation
methods, which reduce the subjective influence, should
be used to evaluate measured data. Therefore, mathemat-
ical methods and algorithms should be developed and
introduced into standards that increase the quality and
safety in the determination of phase transformation
temperatures.
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