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ARTICLE INFO ABSTRACT

Keywords: Heat treatment is an essential step in achieving the desired characteristics in steels. Quenched and tempered

Transformation induced plasticity (Q&T) steels are often tempered to adjust the strength-ductility ratio by taking advantage of the precipitation

Tempering of carbides. In practice, many parts already contain residual stresses, for example due to the temperature

Sue?cﬁe‘: and tempered steels gradients during surface hardening, and therefore tempering takes place under the influence of these stresses.
recipitation

The occurring transformation induced plasticity (TRIP) means significant plastic deformation during a phase
transformation under a stress below the material’s yield strength. In this work, tempering TRIP of three
different Q&T steels has been studied by means of dilatometry, hardness measurements, and scanning electron
microscopy. The heating rate, as well as the direction and level of applied stress, have been varied. The results
have proven the existence of TRIP strain during continuous tempering and its linear dependence on the fraction
of the precipitates. A higher amount of carbon results in a growth of the precipitates surface area percentage,
leading to an increase in the TRIP strain and consequently the TRIP constant. This indicates the presence of the
Greenwood-Johnson effect, which relates TRIP to the difference in volume between the existing and forming
phases.

Carbide fraction

1. Introduction the emerging new phase; and secondly, the Magee effect [5], where
the forming new phase is oriented in the direction of applied stress and
1.1. Transformation induced plasticity (TRIP) therefore leads to a permanent anisotropic deformation.

The majority of steels require the proper heat treatment (HT) de-
pending on the part, its application and art of fabrication. The HT for
quenched and tempered (Q&T) steels consists of a first austenitization

and quenching step to create a fully martensitic phase, followed by

1.2. Tempering TRIP

TRIP effect has been extensively investigated for the martensitic,

a tempering step, which results in the formation of precipitates. This
allows an adjustment of the strength-ductility ratio depending on the
requirements. In some cases, only a local HT is necessary; for example
gears fabricated out of Q&T steels are typically first induction hardened
to achieve a higher strength at the teeth, while keeping the core ductile.
The temperature gradient in the part due to the surface HT leads to the
formation of residual stresses [1,2]. Consequently, the part is tempered
under the influence of said residual stresses. The occurring precipitation
can result in the transformation induced plasticity (TRIP), which is
defined to be a significant plastic deformation due to a phase transfor-
mation under a stress lower than the material’s yield strength [3]. TRIP
is caused by two effects: firstly, the Greenwood-Johnson effect [4],
which is based on the permanent volume adaptation of the more
ductile phase due to the volume difference between the existing and
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austenitic and bainitic transformations in steels [3]. However, to the
authors’ knowledge, no systematic studies of TRIP effect during tem-
pering (T-TRIP) under variation of tempering parameters or carbon
content have been performed so far. In a previous study [6], only
the Q&T steel 42CrMo4 has been investigated regarding T-TRIP up to
500°C under compression stress, where it could be observed during
precipitation. The applied stress has shown to have a direct impact
on the amount of T-TRIP strain. Furthermore, the consideration of T-
TRIP in HT simulations has proven to be essential in order to correctly
predict the material state, especially the development of residual stress,
after HT [7]. For this purpose, it is necessary to determine the TRIP
constant K, which defines the relationship between TRIP strain ey z;p
and applied stress o. It has been observed that K is linear up to half of
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(b) Tension mode

Fig. 1. Dilatometric samples.
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Fig. 2. Dilatometer setups.

the yield strength of the softer phase and this linear correlation can be
described by the following equation [4]:

@

with w being the proportion of the transformed phase between 0 and
1, with f(w 0) = 0 and f(w 1) = 1. Thus, the maximum
TRIP strain 7%, after tempering and finished precipitation step is
equal to K - 0. Different approaches are suggested in the literature for
modeling f(w) [8-13], but these have not been applied to tempering

phase transformation yet.

erpip(w) =K -0 f(w),

1.3. This work

This work’s goal is to further investigate T-TRIP during the pre-
cipitation of cementite and identify its relevance in the HT of Q&T
steels. Firstly, different dilatometric experiments were conducted on
three different steels with a variation in carbon content to measure
the length change during tempering. The investigations were carried
out under both compression and tension, where different parameters,
such as the stress level and the heating rate, were varied. Secondly,
the microstructure and precipitates were analyzed after tempering
in different samples, using image analysis. Finally, using the results
from the steps mentioned above, the dependence between the T-TRIP
constant and the variable parameters, as well as the carbon content,
was analyzed and discussed.

2. Material and methods
2.1. Material

The Q&T steels listed in Table 1 were chosen to be investigated. All
samples were delivered as tempered rods before being machined. These
Q&T steels are hardened after austenization at 820-850°C [14]. While
being tempered, they precipitate during the first and third tempering
stages [15,16]: in the first tempering stage (100-200 °C) the tetragonal
martensite is transformed into cubic martensite and e-carbide (Fe, 4C)
is precipitated, whereas in the third tempering stage (320—400°C) the
cubic martensite is transformed into ferrite and cementite (Fe3C) is
precipitated. Both stages lead to a volume decrease as well as an
increase of ductility.

2.2. Dilatometric heat treatment

Two types of samples were manufactured for the investigations:
firstly, round hollow compression samples (Fig. 1(a)), and secondly, flat
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Table 1

Chemical composition of the investigated Q&T steels in wt-%.
Material C Cr Mo Mn Si Ni Cu P S Fe
25CrMo4 0.26 0.99 0.18 0.69 0.28 0.15 0.05 0.01 0.001 Bal
34CrMo4 0.35 1.13 0.29 0.81 0.33 0.14 0.23 0.02 0.002 Bal
50CrMo4 0.49 1.01 0.20 0.75 0.28 0.20 0.17 0.02 0.028 Bal

tensile samples (Fig. 1(b)). A TA Instruments DIL805A/D deformation
dilatometer was used for the determination of yield strength, as well
as for heat treatments under applied stress and the measurement of the
resulting length change.

The heat treatment of the samples was performed in the vacuum
chamber of the dilatometer, flooded with helium as shielding gas. They
were inductively heated while positioned in the middle of a coil. A
linear variable differential transformer (LVDT) unit and SiO, rods were
used to measure the length change. The temperature was recorded with
a thermocouple type S, which was welded in the middle of the sample.
Helium was also used for quenching sequences. A hydraulic unit is used
to apply the compressive and tensile forces. The device setup in both
compression and tension mode is schematically depicted in Fig. 2.

Q&T steels may have different compressive and tensile strengths
due to the strength differential (.S D) effect [17], therefore tensile and
compression tests were both performed. For this purpose, the samples
were quenched and tempered without any stress. After reaching the
tempering temperature 7, a pre-force of 300N was applied, followed by
a strain rate of 0.01 mm/s for the determination of tensile yield strength
o,r and compression yield strength o, at the tempering temperature.
The magnitude of S D has been calculated using the following equation:

O'yT

oy

SD=1- 2)

For the investigation of T-TRIP all samples were first heated up to
the austenitization temperature 7T,,, and kept there for the time of
t.us- Subsequently, they were quenched to room temperature to create
a fully martensitic sample. The hardening step was followed by a
continuous tempering with a heating rate of 1°C/s up to the tempering
temperature 7,. The stress o,,, was applied before starting the tem-
pering sequence and kept constant until reaching T;. Five stress levels
have been investigated: 0, 0.125 - o,, 0.25 - 5,, 0.375 - 5, and 0.5 - 5.
Fig. 3 qualitatively shows the temperature and stress profile during the
T-TRIP experiments.
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Fig. 3. Temperature and stress profile used for T-TRIP investigations.

2.3. Separation of T-TRIP strain

For further analysis of the T-TRIP effect it was necessary to separate
the corresponding proportion of the strain e;5;p from the total mea-
sured strain. This evaluation was carried out by a method developed
by Kaiser [6].

Firstly, the samples tempered without any applied stress have a total
strain of

3)

E0 = Ep T Ey

where ¢, corresponds to the strain due to phase transformation and ¢,
the thermal strain.

Secondly, the amount of total strain for samples tempered under
applied stress is

4

where ¢, is the elastic strain of the dilatometric setup, €., the creep
strain and e;g;p the TRIP strain.

In the next step, the same tempering step without any stress is
repeated for all samples which have been tempered under stress. As
the phase transformation has already taken place during the first ex-
periment, this new total strain only consists of the thermal strain:

Egp =Ep T Ep T Ey T E,TETRIP

()

Ern0 = Etn

At last, each sample is tempered under stress for a second time, leading
to the following strain:

Erh = En + Eel + Ecr (6)
Subtracting Eq. (5) from Eq. (6) gives
6/ =&y —Epp0 = €1 T €y (7)

Using the previously calculated and measured strains, it is possible to
separate T-TRIP strain:

!
ETRIP = Etor — €10 — € (€))

Fig. 4 shows the corresponding curves for each tempering step.
2.4. Microstructural and mechanical characterization

Vickers microhardness was measured using a Qness Q10A+ accord-
ing to the standard DIN EN ISO 6507-1 [18]. Indentation time was
set to 10s and the measurements were carried out with HV,,; due to
the small cross section of dilatometric samples. Martensitic and tem-
pered samples were verified regarding constant hardness in the length
direction. For the hardness measurements after TRIP experiments, both
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Fig. 4. Different determined curves for the separation of T-TRIP strain according to [6].

Table 2
Measured yield strength of the investigated steels under compression and tension at
T,=500°C, as well as the calculated SD.

o,c [MPa] o, [MPa] SD [%]
25CrMo4 -558 + 8 417 + 17 25
34CrMo4 -486 + 7 406 + 13 16
50CrMo4 -506 + 32 397 + 33 21

dilatometric samples were additionally cut in the middle perpendicular
to the length axis.

A Zeiss Leo Gemini 1530 scanning electron microscope (SEM) was
used for the microstructural characterization of the carbides. SEM
samples were prepared in the longitudinal direction in order to analyze
the influence of stress. They were ground, polished, and etched with
2%-Nital prior to the investigations. The ImageJ [19] plugin Trainable
WEKA Segmentation [20] has been used to analyze SEM images using
artificial intelligence (AI). A classifier is trained and used to distinguish
the precipitates from the matrix. Subsequently, the segmented image is
binarized and the precipitates surface area percentage (PSAP) is calcu-
lated, using the function Analyze Particle. The mean value is calculated
from at least a total of 10 images per sample, because the distribution of
cementite precipitates is not homogeneous for low carbon steels [21].
For each steel, two samples were analyzed: one with no stress and
one with 0.5 - ¢,. Finally, a PSAP mean value from both samples has
been calculated for determining the dependency on the TRIP constant.
Furthermore, using the MorphoLibJ plugin [22] on binarized images,
the connected components were labeled and analyzed with respect to
their orientation.

3. Results
3.1. Tensile and compression tests

As mentioned in Section 2.2, compression and tensions tests at the
tempering temperature of 500 °C were carried out for all three steels
using the dilatometer. The compression and tensile yield strengths were
measured and later used to avoid exceeding half the yield strength,
in order to stay in the range where the relationship between ey z;p
and stress is linear. The results, as well as the occurring SD between
compression and tensile tests, are listed in Table 2.
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Fig. 5. Evolution of T-TRIP strain during continuous tempering up to 500°C with 1°C/s for 50CrMo4 under (a) compression and (b) tension stress.
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3.2. TRIP during tempering

Using dilatometric experiments, as well as the method mentioned
in Section 2.3, eyg;p Was calculated from the measured ¢,,. To gain
a better understanding of the dependencies of T-TRIP on different
parameters, the following factors have been varied: stress level, stress
direction, heating rate, and amount of Carbon in the investigated steel.
The results will be presented in the subsections below. The experiment
on 50CrMo4 under compression stress and with a heating rate of 1 °C/s
has been used as a reference for the variation of the parameters.

3.2.1. Influence of the stress level and direction

Fig. 5 shows the evolution of e;g,p during tempering with 1°C/s
up to 500 °C under different compression (labeled with C) and tension
(labeled with T) stresses up to 0.5 - o,. Increasing the stress leads to
the growth of |erg;p| under both compression and tension stress. As
expected, the strain is always in the same direction as the applied stress
(negative under compression and positive under tension).

T
200

Temperature [°C]

(b)
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Evolution of T-TRIP strain during continuous tempering up to 500 °C with 1°C/s for (a) 25CrMo4, (b) 34CrMo4, and (c) 50CrMo4 under compression stress.

3.2.2. Influence of the heating rate

Fig. 6 shows the variation of e;g;p for 50CrMo4 during the temper-
ing with heating rates 0.1°C/s, 1°C/s and 10°C/s up to 500 °C under
compression. The higher heating rate (10°C/s) leads to the lowest
maximum values of |7, p|. However, the lowest heating rate (0.1 °C/s)
does not always lead to a higher |e;;p| at T;. In contrast, the values
of 0.125 - ¢, 0.25 - 5, and 0.375 - 5, are even lower than those of the
samples heated with 1°C/s.

3.2.3. Influence of the carbon content

The evolution of epg;p for the three investigated Q&T steels is
shown in Fig. 7, all corresponding to tempering up to 500°C with
a heating rate of 1°C/s. The observed augmentation of ey z;p with
higher stresses for 50CrMo4 is also visible for the other steels. While
the maximum value of |eyg;p| under a stress of 0.5 - o), varies between
2.1073 and 3- 1073 for 25CrMo4 and 34CrMo4, it rises up to 5- 1072 in
case of 50CrMo4.
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as well as (c) the achieved hardness after tempering with 1°C/s

Fig. 9. (a) Original SEM image from the sample 50CrMo4-C under 0 MPa, as well as (b) the binarized image using trainable WEKA segmentation tool.

3.3. Hardness measurements

To verify if the samples are homogeneously heat treated in the
length direction, both geometries were subject to hardness measure-
ments after quenching. The hardness values for these martensitic sam-
ples are shown in Figs. 8(a) and 8(b). In both samples the hardness
of martensite rises with the amount of C in steel. Due to the structure
of the dilatometer, the tension sample cannot be completely hardened,
but the relevant section in the middle, where the length change is
measured, has only slightly lower values than the compression sample.
Nevertheless, both samples are homogeneously hardened in the length
change measurement area. Same tendencies were observed for tem-
pered samples. Fig. 8(c) shows the hardness of compression and tension
samples after tempering under different applied stresses. It is notable
that the stress level and thus the T-TRIP strain have no influence on the
hardness. The higher amount of C in 50CrMo4 has led to the highest
hardness after tempering; however, the difference between the three
steels is not as pronounced as in the quenched state.

3.4. Microstructural investigations

Fig. 9 shows one example of the microscopic investigation by means
of SEM. Fig. 9(a) is the original image from the 50CrMo4-C sample
with 0 MPa. Cementite is distinguishable by its lighter color due to the
etching. It is mostly at low-angle or high-angle grain boundaries, and
long carbide chains are visible on lath edges. Fig. 9(b) is the binary
image obtained using the WEKA segmentation tool, by the method de-
scribed in Section 2.4. The precipitates surface area percentage (PSAP),
which corresponds to the white areas in the image, was calculated for
all samples and the results are shown in Fig. 10. The determined mean
values are listed in Table 3.
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Table 3
Mean values of PSAP for different SEM samples tempered under compression (@ PSAP-
C) and tension (@ PSAP-T).

Material Heating rate [°C/s] @ PSAP-C [%] @ PSAP-T [%]
25CrMo4 1 86 +19 81 + 26
34CrMo4 1 9.1 + 26 9.9 + 1.9
50CrMo4 1 15.2 + 4.8 10.8 + 0.8
50CrMo4 0.1 12.8 + 4.0 -

50CrMo4 10 10.7 £ 1.9 -

It must be said that different samples, although etched at the same
time for the same duration, might react differently to the etchant,
and therefore this uncertainty should be considered when comparing
the results. In most of the cases, the sample tempered under stress
has a lower PSAP than that tempered without applied stress. There
is no significant tendency when comparing compression and tension
samples. When the heating rate is kept constant, the PSAP rises with
the amount of C, but this effect is more pronounced for the compression
samples than the tension samples. The variation in the heating rate for
50CrMo4-C samples had a significant influence on PSAP in samples
tempered without stress. Consequently, when comparing the PSAP
mean values, 10°C/s leads to the lowest amount of precipitates, which
was predictable due to the shorter precipitation time. However, the
slowest heating rate of 0.1°C/s also leads to a lower PSAP than the
sample with 1°C/s.

Furthermore, the analysis of the orientation distribution of the
precipitates by MorphoLibJ described in Section 2.4 has been carried
out, but the samples under stress did not show any preferred orientation
in the applied stress direction.
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corresponding T-TRIP constant K for the three Q&T materials.

Table 4
Measured TRIP constants after tempering up to 7, for the investigated Q&T steels under
compression (K.) and tension (K;).

Material Heating rate [°C/s] IKe| [10 5 ] ko] [10 5
25CrMo4 1 9.9 + 0.2 114 + 1.0
34CrMo4 1 10.0 + 0.2 137 + 1.3
50CrMo4 1 20,4 + 1.1 247 + 06
50CrMo4 0.1 18,7 + 0.9 -

50CrMo4 10 14.7 + 0.3 -

4. Discussion

The results have shown the dependencies of different variables on
the amount of TRIP strain after continuous tempering up to 500 °C. To
describe the T-TRIP effect more generally and integrate it into modeling
and simulations, the TRIP constant K is calculated. Fig. 11 shows the
maximum TRIP strain e7'%; , at 500 °C depending on the applied stress
for each material. The linear fit for each set of points delivers K. The
determined TRIP constants under compression stress (K.) and tensile
stress (Ky) are listed in Table 4 for each material.

Fig. 12(a) shows the dependence of |K| on the amount of carbon
in steel after tempering with 1°C/s. Steels with a higher amount of
C contain an elevated amount of cementite [21], therefore |K| was
expected to increase with a higher amount of carbon. However, the
increase is not linear and lower carbon contents (0.26% and 0.35%)
rather build a plateau, whereas there seems to be an exponential growth
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of |K| for 0.49% carbon. Furthermore, the tension samples tend to
have a slightly higher |K| than the compression samples. This can
eventually be due to different sample geometries, which might have
an influence on the sample heat transfer. Therefore, the heat treatment
might not be exactly the same under compression and tension. Such
factors have a direct influence on the microstructure, and thus on the T-
TRIP strain. However, since these aspects cannot be taken into account
in a correlation of |K| with the carbon content, a more generally valid
correlation is required in order to predict |K| for different material
states. Consequently, further analysis has been carried out on the re-
lationship between | K| and the surface area percentage of precipitates
(PSAP), which has led to consistent results, even with variation in
the heating rate and direction of stress. Fig. 12(b) shows that, except
for one outlier sample (50CrMo4-T 1°C/s), there is a direct linear
dependency of |K| on PSAP.

Fig. 13 shows a SEM image from the outlier sample 50CrMo4-T
1°C/s tempered under stress. Orange circles show examples of areas
where the precipitates could not be recognized by the Al-based seg-
mentation, which could explain the low calculated PSAP compared to
the expected trend. The reason may be the uncertainties regarding the
different reactions of each sample to the etchant, which causes different
outcomes in the gray scale of the precipitates.

It must also be mentioned that PSAP was expected to reduce with
increasing heating rate [23], yet it was not the case for the sample
with 0.1°C/s. It should be considered that PSAP only considers a 2D
surface and larger precipitates may not be considered correctly in the
PSAP. But even though the PSAP of the sample with 0.1°C/s heating
rate is between those with 1°C/s and 10 °C/s, this does not change the
conclusions for |K|, and thus the tendencies agree.

It can be concluded that carbon content cannot be used as a reliable
parameter to describe the dependence of K, but it is rather the size
and amount of the precipitates which plays an important role. These
observations indicate that the Greenwood-Johnson mechanism is the
dominant effect. It demonstrates that the volume change is responsible
for the measured TRIP strain. No orientation effect was observed by
means of SEM, indicating that the Magee effect has no visible influence
during tempering. Further microstructural studies are necessary to ver-
ify if the precipitates exhibit any differences in their morphology when
tempered under stresses compared to without stresses, for example
by analyzing the stress fields around the precipitates by means of
transmission electron microscopy. Nevertheless, a linear dependence of
|K| on PSAP could be demonstrated and can serve as a basis for further
investigations. Moreover, it is necessary to adapt existing approaches
from the literature for the modeling of TRIP as a function of the
temperature and stress to the tempering phase transformation.

5. Conclusion

Dilatometric studies, alongside mechanical and microstructural
characterizations were carried out to investigate the transformation
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Fig. 12. Different T-TRIP constants under tension and compression and their corresponding (a) amount of carbon, as well as (b) surface area percentage of the precipitates (PSAP),

including the linear fit describing the dependency of K on PSAP.

(a)

Fig. 13. (a) Original SEM image from the sample 50CrMo4-T under 0.5 - o, stress, as well as (b) the binarized image using trainable WEKA segmentation tool. Orange circles
showcase some examples of single precipitates or a cluster of them, which were not recognized by Al during the segmentation. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

induced plasticity (TRIP) during tempering of quenched and tempered
(Q&T) steel. The following summarizes the main findings of this study.

+ The study successfully demonstrated the TRIP effect during con-
tinuous tempering (T-TRIP) across three distinct Q&T steels, evi-
denced in both tension and compression testing.

Despite the T-TRIP effect, there was no observed change in hard-
ness when comparing samples tempered with and without applied
stress.

Further analysis revealed a linear correlation between the mod-
ulus of TRIP constant |K| and the precipitates surface area per-
centage, which itself is dependent on a variety of factors such as
carbon content and heating rate. This indicates the presence of
Greenwood-Johnson effect during tempering.

In further investigations, these results could be used as a basis to
verify T-TRIP in a real application, for example by tempering samples
which already contain residual stresses due to surface hardening.
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