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Abstract. During the hot bulk forming of long parts, inhomogeneous distributions of deformations
and temperatures occur. The gradients of these distributions lead to complex, overlaying residual
stresses, which can cause critical geometric deviations and mechanical failures. Common finite
element (FE)-simulations for designing a process are in principle capable to predict the thermal,
mechanical and metallurgical effects, but require extended material models. Thereby, the total strain
increment can be described through the partial strain components of the elastic, plastic, thermal
transformation related and transformation plasticity strain. To allow the numerical prediction of the
distortion of long hot formed parts, an experimental characterisation of the transformation-induced
plasticity (TRIP) and backflow effects is presented for the steel 31CrMoV9. Time temperature
transformation (TTT) and continuous cooling transformation (CCT) diagrams are determined with
JMatPro and verified by means of microstructure analysis and hardness measurements. Based on
these diagrams, the transformation plasticity is investigated through dilatometric tests whereby tensile
and compressive loads are applied during the phase transformation. The martensite phase
transformation showed the highest amounts of TRIP of 1.55 % strain under tensile loads and 1.32 %
strain for compressive loads, whilst the bainite transformation exhibited lower strains of 0.7 % in the
tensile load case and 0.74 % in the compression load case, but a high tensile backflow strain of 0.56
%. For pearlite the beginning of the phase transformation was delayed and its duration extended due
to the induced loads.

Introduction

To manufacture high-performance parts with complex geometries through hot bulk forming, high
forces are applied at elevated temperatures to achieve high degrees of plastic deformation [1].
Thereby numerous varying effects occur within the workpiece itself, like phase transformations, or
at the interface between the workpiece and the die, such as heat transfer and friction. For steel, during
thermo-mechanical processing multiple interrelated phenomena occur. Their interactions can cause
defects as for example critical distortions [2]. In hot bulk forming processes, these phenomena
develop unsteady in terms of time and location. As the distribution of the aforementioned effects is
particularly inhomogeneous in geometrically complex or long parts with uneven mass distributions,
they are vulnerable to distortion, which can lead to scrap production and is costly especially for big
parts [3]. FE simulations allow to predict and prevent such critical phenomena through an adjusted
process design. In numerical simulations, the additive strain composition method as shown in

equation 1, can be applied, whereby the five strains: elastic (siejl), plastic (elpjl), thermal (sf}’ ,
transformation related (tr) and transformation plastic (tp), are considered separately. The partial

strains are determined separately from the current thermal, metallurgical and mechanical conditions,
added up and then applied as total strain increment [4].
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The individual strains require extended material models determined either through
thermodynamical computation (e.g. through JMatPro) or an experimental characterisation. The
elastic and plastic strains can be derived from well-known characterisation tests such as compression
or tensile tests. The thermal and transformation related strains are caused by volumetric changes,
either of the heat expansion or phase transformations, such as from austenite to ferrite, pearlite or
martensite and can be determined using conventional dilatometric tests. When such phase
transformations are overlayed by other mechanically or thermically induced stresses, the so-called
transformation-induced plasticity leads to transformation plastic strains and isotropic transformation
stresses in dependence of the applied mechanical loads. When the overlaying stresses are released
during the transformation, a part of the TRIP strain can form back due to the so-called backflow effect
[5]. This effect is particularly relevant for hot bulk forming processes, as they show inhomogeneously
distributed and changing stresses [6].

The experimental characterisation of the transformation plastic strain however, presents a
challenging task. On the one hand, in contrast to the other partial strains, no widely established norms
or standards exist regarding the experimental method or the equipment. On the other hand, the
approaches of current research require extensive prior knowledge of the time and temperature
dependent phase transformations. For this, continuous cooling transformation (CCT) and time
temperature transformation (TTT) diagrams have to be determined either numerically or
experimentally.

Additionally, in terms of modelling, for the elastic, plastic, thermal and the transformation related
strains, established models such as the flow curve approach of Hensel Spittel [7], are available and
corresponding material parameters for a wide range of materials can be found either in databases or
the results of numerous research work such as [8] or [9]. However, for the transformation plastic
strain, there is neither a standardised experimental approach, nor sufficient corresponding material
data available through data bases or in literature.

In the state of the art, to experimentally characterise the transformation induced plasticity under
the thermomechanical conditions of hot forging, TTT- diagrams are used to identify cooling routes
to achieve full transformations of the individual phases. These transformation processes are then
overlayed with mechanical stresses through compression or tension of the specimen, as demonstrated
for example by Lakhdar et al. [10] and Holzweissig et al. [11]. The backflow effect is investigated
through additional tests, where the applied stresses are removed during the transformation [12]. The
corresponding TRIP and backflow coefficients can be determined from the experimental data either
by means of an analytical approach as in [13] or numerically iteratively through the comparison of
experimental and numerical results [3]. For this, for example Suhr et al. in [14] as well as Behrens et
al. in [3] implemented the TRIP equations into commercial FE software and validated their
approaches by recreating the strain behaviour of the experimental tests.

For hot forging processes of a 42CrMo4 steel, Behrens showed that the complete incremental
strain can be modelled in detail based on an extensive material characterisation which allowed to
predict the distortion of a hot bulk formed workpiece [6]. However, this approach is not applied
widely, because it requires very detailed material data, which requires specialised testing equipment
and a large amount of testing and is not available in the literature. Although the fundamental phase
transformations to pearlite, bainite and martensite occur for most steels, the time and temperature
dependent transformation behaviour strongly varies in dependence of the alloying elements [15].
Therefore, findings and models with regards to the TRIP and backflow behaviour are not directly
transferable and require separate characterisations.

The steel 31CrMoV?9 is usually applied for manufacturing heavily loaded components through hot
forging as a high strength can be reached after heat treatment. Additionally, it can be nitrided deeply
to achieve a higher wear resistance [16]. As severe residual stresses are induced during the nitration
process, a detailed knowledge of the occurring stresses and strains is essential for an optimised
development of products made of 31CrMoV9 [17]. However, little to no experimental data can be
found about the transformation-induced plasticity and the backflow effects of 31CrMoV?9.
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Therefore, this paper presents an investigation of the TRIP behaviour of the steel alloy 31CrMoV9
in a quenched and tempered state. The results shall also allow to derive TRIP coefficients for
following numerical simulations. First, a material dataset is created numerically using JMatPro as a
basis to define heating-cooling routes for the phase transformation to pearlite, bainite and martensite.
After the cooling routes are verified through stress free tests and microstructure analysis with
hardness measurements, the experimental setup of Behrens et al. is applied to investigate the TRIP
and backflow effects for varying loads [12].

Material and Methods

The experimental determination of TTT and CCT-diagrams requires a great amount of costly and
time-consuming tests whilst the resulting diagrams are only applicable for specific process conditions.
To reduce the test effort, the TTT and CCT-diagrams were calculated with the material simulation
software JMatPro based on the application for hot forming and on the chemical composition
determined through optical emission spectrometry, as shown in table 1.

Table 1. Chemical composition of the investigated steel 31CrMoV9 (in wt%).

Steel grade C Si Mn P S Cu Cr | Ni Al Mo |V Ti Nb
31CrMoV9 | 0.329 | 0.272 | 0.632 | 0.009 | 0.002 | 0.127 | 2.48 | 0.123 | 0.025 | 0.19 | 0.143 | 0.012 | 0.004

The TTT and CCT-diagrams were calculated for an austenisation at 1,200 °C to recreate the
conditions of hot bulk forming [1] as illustrated in Fig. 1. The CCT-diagram in Fig 1 a) shows that,
for example a pearlite transformation can be expected when the temperature has not dropped from
1,200 °C to under approximately 530 °C within roughly 500 s after the forming process. As after hot
forming, especially of large parts, a cooling process can take considerable longer and has an
inhomogeneous temperature distribution, each of the three phase transformations is investigated [1].
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Fig. 1. a) TTT and b) CCT-diagrams of 31CrMoV9 determined using JMatPro with the
transformation areas of Bainite (B), Pearlite (P) and Martensite (M) from Austenite(A).

In addition to the TTT and CCT-diagrams, flow curves were determined with JMatPro. As
illustrated in Fig. 2, the applied axial loads 100 MPa of Behrens et al. do not exceed the flow stresses
of the base material at 450 °C but at 650 °C until a plastic deformation of 0.02 [12]. As the base
material shows overall lower flow stresses than the individual phases at the corresponding
temperatures, it can be excluded, that an unwanted plastic deformation occurs after the phase
transformation which would overlay the TRIP effects.
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Fig. 2. Flow curves of 31CrMoV9 determined with JMATPro for the base material as well as for of
bainite and pearlite.

The experimental investigation of the TRIP and backflow effects, was carried out with a quenching
and deformation dilatometer DIL 805 A/D+T (TA instruments). The specimens were taken from
billets for a hot forming process, which were hot rolled and then quenched and tempered. As shown
in Fig. 3, the specimen geometry has a tapered testing area in the middle with a diameter of 5 mm
and a length of 10 mm. The specimen is clamped by threads at each end to allow the application of
tensile as well as compressive loads through a hydraulic cylinder at the moveable specimen holder.
Changes of the length are measured using quartz pushing rods at the edges of the tapered testing area.
The temperature is controlled with a thermocouple type K, which is welded on the surface at the
middle of the specimen.
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Fig. 3. Schematic experimental test setup with the detailed geometry of the test specimen.

During the experiment, the specimen is heated inductively in a vacuum atmosphere to an
austenisation temperature of 1,200 °C with a rate of 10 K/s, held for 120 s to homogenise the
temperature distribution and then cooled down at controlled rates with helium gas from nozzles in
the induction coil. As the cooling of forging.
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Based on the TTT-diagrams, individual cooling routes are defined for the diffusion-based phase
transformations to pearlite, bainite and the diffusionless transformation to martensite as shown in Fig.
4. For the phase transformation to pearlite, a temperature of 650 °C is held for 1,700 s. For the bainite
transformation, a temperature of 450 °C with a holding time of 250 s is chosen. In order to minimise
other transformation processes, the highest possible stable cooling rate of the machine of 50 K/s is
chosen for the martensite transformation and for the cooling from the austenisation to the individual
holding temperatures of the other phase transformations.

To characterise the TRIP effect, each of the three phase transformations was superimposed with
mechanical stresses as illustrated in Fig. 4. As in the experiments of [3] and [12], axial loads of 1,964
N, corresponding to 100 MPa, are applied throughout the complete transformations as compression
or tension. As this exceeds the flow stress at 650 °C as shown in Fig. 2, for the pearlite transformation,
additional tests were carried out with 982 N, corresponding to 50 MPa.

To avoid plastic deformation before the martensite transformation, the loads were induced once a
temperature of 450 °C was reached. In additional tests to investigate the backflow effects, the loads
are removed after approximately the half of the time of the transformation based on the TTT-diagrams
from JMatPro. For each cooling route and load case, the tests were repeated three times.
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Fig. 4. Test procedure with investigated temperatures and axial loads.

To verify the cooling route for each of the phase transformation, the microstructure was
characterised. Therefore, specimens of the stress free tests were cut from the middle of the parts,
embedded, grinded, and polished to 0.5 um and then etched with HNO3. Additionally, for each
cooling route, hardness measurements (HV0.5) were carried out.

Results and Discussion

The microstructures resulting from the cooling routes for the different phase transformations are
compared in Fig. 5. In the microstructure of the specimens which were held at 650 °C in Fig. 5 a), a
pure and homogenic pearlite structure can be observed, with a hardness of 221 HVO0.5 to 274 HV0.5.
The microstructure of the cooling route at 450 °C mostly consists of bainite, which is recognisable as
bright blue structure with an average hardness of 466 HV0.5. However, as shown in Fig. 5 c), small
portions of a different brown-colored structure can be noticed. The cooling route directly to room
temperature with a cooling rate of 50 K/s results in a fine martensitic structure with an average
hardness of 610 HV0.5 as shown in Fig. 5 c). In the microstructures of the cooling route for bainite
and for martensite, bright stripes in the longitudinal direction of the specimen can be seen. As the
hardness is the highest in these stripes with approximately 700 HVO0.5, a possible explanation for
these could be, that the stripes consist of carbide precipitations resulting from the prior hot rolling of
the specimens.The microstructure analysis with the hardness measurements demonstrates that the
chosen cooling routes lead to the targeted phase transformation and therefore can be considered
suitable for the following experimental investigations, although the influence of the presumed
carbides and also the uncertainty in the bainite has to be taken into consideration for the discussion
of the experimental results.
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Fig. 5. Microstructure analysis in the testing area of the specimens of the stress free tests: a) pearlite
transformation, b) bainite transformation and c¢) martensite transformation.

The TRIP and the backflow strains are determined similar to work of [12] with the middle curve
of the three repetitions of each parameter configuration. The range between the minimum and
maximum curve of each investigated parameter configuration are visualised in the analysis diagrams
as surfaces around the corresponding curve to emphasise the deviations between the repetitions.

Thereby, the TRIP strain is determined from the difference of the length change of the constantly
loaded curve and the stress free curve at the end of the transformation. For the backflow strain, the
difference between the constantly and the dynamically loaded curves at the end of the transformation
is calculated.

During the pearlite transformation, multiple effects can be observed as illustrated in Fig. 6. After
the holding temperature of 650 °C is reached, the stress free curve shows a constant value for the
length change, until at approximately 900 s an increase can be noted. After this increase the curve
converges towards a constant level at a value of 0.33 %. This length change at a constant temperature
is caused by the phase transformation from austenite to pearlite with the corresponding volumetric
change as for example outlined in [18]. This transformation occurs as predicted in the TTT-diagrams,
which is in agreement to the findings of the microstructure analysis that the chosen cooling route is
suitable for the investigation of the TRIP and backflow effects.

For both load cases, the length of the specimen abruptly changes by approximately 0.75 % once
the axial loads are applied. After the abrupt increase, linear changes of the curves can be observed.
For the tensile load case the length increases and for the compressive load it decreases. The abrupt
length changes after the loading followed by the steady change indicate that the axial loads exceeded
the flow stress and led to a plastic deformation in addition to the TRIP effects as the flow curves in
Fig. 2 indicated. Also, for the application of high axial loads at elevated temperatures for relatively
long times, the influence of creep cannot be excluded. Due to the stresses slightly under the level of
the flow stress, which are held after the initial plastic deformation, the steady length changes could
be overlayed by creep in addition to TRIP effects.
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Fig. 6. Experimental results of the pearlite transformation at a holding temperature of 650 °Cs for
varying load cases with 100 Mpa.

In contrast to the tests with axial loads of 100 MPa, the pearlite phase transformations superimposed
with 50 MPa show a less abrupt increase after load is applied whilst also having overall lower amounts
of length changes. As compared in Fig. 7, the loaded curves only show a slight length change after
the initial increase due to the load application. The tensile tests exhibit higher length changes than the
compression tests. After the full test time of 1700 s however, the absolute length changes for both
load cases, of 0.2 % for compression and 0.35 % for tension, are lower or very close to the
corresponding amount of the stress free case. As the curves of both load cases also show an increase
or decrease after 1700 s in contrast to the stress free curve, it is questionable if a complete phase
transformation was observed. The dynamic tensile load case shows an abrupt decrease once the load
is removed and decreases almost completely back to the initial level before the loads were applied,
which means that to that point none or only reversable TRIP effects have occurred. On the one hand
this proves that the applied loads have not exceeded the flow stress as for 100 MPa and on the other
hand it suggests that within the 1700 s only a minor phase transformation has occurred. To investigate
this more in detail, an additional test series was carried out, whereby the specimens were held under
a constant tensile load at the transformation temperature of 650 C for a total time of 4,100 s and
thereby 2,400 s longer than before. In the longer tests, as displayed in Fig. 7, it can be seen that the
length change shows a longer increase and exceeds the values of the stress free curve. Thereby, even
though the gradient decreases, it does not completely flatten before the end of the test. As the effects
of creep are expected to be negligibly low for 50 MPa and the investigated holding times, the ongoing
length change indicates that the phase transformation is not completed after 4,100 s.
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Fig. 7. Experimental results of the pearlite transformation at a holding temperature of 650 °Cs for
varying load cases with 50 Mpa.

The considerable differences of the curves under the axial loads of 50 MPa in comparison to the
stress free case lead to the conclusion that the beginning time and the duration of the phase
transformation has been strongly shifted and flattened. The phase transformation was not completed
after a testing time of 4,100 s, whilst still showing comparatively low length changes. As this was
observed for 50 MPa, it is unlikely that for 100 MPa a phase transformation occurred within the test
time. As the flow stress was exceeded, it is more likely that the length changes, even after the initial
plastic deformation, were caused through creep than TRIP. Therefore, the tests with 100 MPa are not
suitable for the investigation of the TRIP and backflow effects of pearlite, as the time and temperature
dependent transformation behaviour changes in dependence of deformation and a clear separation of
plastic deformation, creep and TRIP is not possible. For a more detailed investigation of the TRIP
and backflow effects of the pearlite phase transformation of 31CrMoV9, additional tests with a longer
holding time have to be considered. Thereby it is expected that due to the duration of the phase
transformation a considerably high experimental and numerical effort is required. Also, for longer
holding times at the elevated temperatures of the pearlite transformation, an increased influence of
creep is expected, which would require a separate characterisation through additional tests.

However, in comparison to the cooling routes of common hot forming processes, particularly of
long parts, the time until the transformation begins and the duration are relatively long [1]. While the
time period observed for the stress free pearlite transformation could still be relevant for the cooling
of large forged parts, it is most likely that when stresses are induced the phase transformation is
strongly delayed as well as slowed down and thereby reduced to an insignificant amount. Hence, it
can be concluded that the pearlite transformation and the corresponding transformation induced
plasticity only have a marginal effect on the resulting part geometry and therefore can be neglected
for an efficient process design of products made of 31CrMoVO.

In comparison to the phase transformations of the pearlite and the martensite, the bainite
transformation does not show a substantial characteristic length change to identify the time interval
of the phase transformation, as depicted in Fig. 8. The stress free curve only shows a slight and steady
decline of the length change. However, as the decline can be observed for a constant temperature, it
can be concluded that a phase transformation occurs with the chosen cooling route. On the one hand,
according to the TTT-diagrams, the transformation starts immediately once the holding temperature
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is reached, which makes it difficult to distinguish the beginning of the transformation. On the other
hand, the differences in volume between austenite and bainite are relatively low compared to the other
phase transformations, as illustrated in [18]. Between the different load cases, clear differences can
be noted. Under compressive load, the curve of the length change shows a stronger decrease after the
load is applied. During the ongoing transformation, the slope of the curve is close to the stress free
curve whilst showing a slightly stronger decrease indicating TRIP strain effects. The load-dependent
behaviour of the curves is in agreement with the findings of [19]. In contrast to the other two load
cases, the curve of the tensile load increases steadily after the load is applied. As the curves of both
load cases do not show an abrupt increase after the loads are applied, it can be concluded, that the
flow stress was not exceeded in agreement to Fig. 2 and plastic deformation did not occur.

The curves of both constant load cases do not show a change of their gradient, which would
indicate the end of the transformation. As the holding times and temperatures of the bainite
transformation are comparably low, the influence of creep is assumed as negligible. In combination
with the microstructure analysis in Fig. 5, which did not show a complete bainite structure, this leads
to the conclusion, that the transformation might not have been completed within the test. Therefore,
the strains can only be evaluated for a partial phase transformation. After 250 s an absolute TRIP
strain of 0.7 %, with a backflow of 0.15 % for the compressed load whilst for the tensile loading a
TRIP strain of 0.74 %, with a backflow of 0.56 % strain can be determined. The ratio of the backflow
to the TRIP strain for the tensile load case is noticeably high in comparison to the compressive load
and also to the corresponding ratios of 0.45 % and 0,6 % to 1.55 % and 1.32 % for the martensite
phase transformation. This could be related to the presumed incomplete transformation. To analyse
the complete phase transformation of the bainite, tests with a longer holding time are required. Also,
the presumed incomplete transformation is in contradiction to the numerically determined TTT-
diagrams which indicate that the bainite transformation is completed within the testing time. Taking
the uncertainty observed in the microstructure into consideration, this emphasizes that additional
experimental tests are required to determine the real time and temperature dependent transformation
behaviour of the investigated material. However, with appropriate TTT-diagrams, the recorded curves
could be sufficient to derive approximate TRIP coefficients as presented in [20], as the inverse
numerical fitting approach can also be applied to incomplete transformations.
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Fig. 8. Experimental results of the bainite transformation at a holding temperature of 450 °C for
varying load cases.
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As martensite is formed by a diffusionless transformation, the phase transformation does not take
place at a constant temperature, but a constant cooling rate of 50 K/s. Therefore, all of the recorded
curves show a constant length change with a linear trend and a turning point at approximately 280 °C
as illustrated in Fig 9. At this point, the length change first increases strongly and then converges to
the same gradient as before. This slope change indicates the phase transformation from the cubic
face-centered austenite to tetragonal body-centered martensite, which leads to an increase in volume.
Without applied forces, the transformation leads to a shift in the curve of 0.7 % length change. In
comparison to the stress free curve during the phase transformation, the curve of the tensile load
shows a stronger increase of the length change whilst the compressive loaded test shows a lower
increase. At the end of the phase transformation, a TRIP effect of 1.55 % strain for the tensile loaded
and 1.32 % strain for the compressive loaded can be determined. From the comparison of the
constantly and dynamically loaded curves corresponding backflow strains of approximately 0.45 %
length change for the tensile loaded test and 0.6 % length change for the compressive load can be
determined. The TRIP strains of the martensite transformation show the tendency of higher TRIP
strains for tensile loads, which is in agreement with the results of [12].
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Fig. 9. Experimental results of the martensitic transformation with a cooling rate of 50 K/s for
varying load cases.

As hot bulk formed parts usually cool down without any immediate heat treatment which includes
a holding of the temperature, the predominant phase transformations are expected to be from austenite
to bainite and martensite. Of the investigated transformations, the martensite phase transformation
shows the most TRIP strains and also the most volumetric change when no stress is applied, which is
in agreement with the results of [18]. This leads to the effect, that in comparison to the other
transformations, on the one hand during the transformation to martensite more residual stresses form
due to the volumetric changes and on the other hand such present stresses also lead to more TRIP
strain. Therefore, it can be concluded that the martensitic transformation presents the most critical
transformation to consider in numerical simulations of hot forming processes of 31CrMoV9.
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Summary and Outlook

In this paper, the TRIP and backflow effects of the steel 31CrMoV9 were investigated. Based on
numerically calculated TTT-diagrams, suitable cooling routes were defined. The cooling routes were
verified through microstructure analysis and hardness measurements. The TRIP and backflow effects
were characterised by inducing varying axial loads during the phase transformations. For all phase
transformations, the observed TRIP and backflow strains varied in dependence of the load case. For
the pearlite phase transformation, the axial loads led to a plastic deformation during the test which
influenced the transformation behaviour. For lower stresses, the beginning of the phase
transformation was delayed and the duration was extended due to the applied loads. As the time until
pearlite is transformed and the duration of the transformation are relatively long, the effects are
considered very low in the context of hot forming and therefore can be neglected. The bainite phase
transformation did not show abrupt changes and also the microstructure showed shares of a different
structure, hence it is unclear if the complete transformation was recorded. For the tested time interval
for bainite, comparably low TRIP strains of 0.7 % for the compressive loading and 0.74 % for the
tensile loading were measured and a much higher backflow strain of 0.56 % was observed for the
tensile load than for the compressive load with 0.15 % and all other tested parameter configurations.
The martensite transformation showed a higher TRIP strain of 1.55 % for the tensile load case than
for the compressive case with 1.32 % whilst also showing the highest overall TRIP and backflow
effects. As the most cooling routes of hot bulk forming process will result in a transformation of
bainite and martensite, the results of this work emphasise the need of detailed material data to predict
the transformation induced plasticity precisely by numerical simulation.

A more detailed investigation of the TRIP and backflow effects is planned to take lower axial
loads, varying austenisation temperatures and longer holding times into consideration. The influence
of the presumed carbide precipitations will be investigated through TRIP and backflow tests with an
additional prior heat treatment. Also, the deformation dependent change of the TTT and CCT-
diagrams will be characterised experimentally. With the extended experimental results, TRIP

coefficients for a numerical simulation of a hot forming process will be derived for the steel
31CrMoV9.
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