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Abstract

Due to the moderate formability of high strength low alloy steels (HSLA), the steels called transformation
induced plasticity (TRIP) have been developed. They are especially used in the production of automobile shock
absorbers and the beam supporting parts. The microstructure of these steels consists of the distribution of ferrite,
bainite and (5 - 10%) residual austenite phases. The strength and formability of steels are generally provided by
bainite, ferrite and the residual austenite phases in the structure. During shaping, the residual austenite turns
into martensite and gives high strength to the steel. Considering the literature studies, it is pointed out that
there is a lack of information about the effect of cold treatment on TRIP steels. For this reason, in the study,
cold treatment performed to the TRIP80O steel for two hours at various temperatures. Thus, the mechanical
properties and microstructure of the samples were examined in detail.
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1.INTORDUCTION

The formability of commercial low ductility high strength
steels decreases almost linearly due to the increased stren-
gth. However, advanced high strength steels are characteri-
zed by their combination of strength and formability. Due to
their sought and desired properties, these steels to be use in
a wide range of industries [1,2]. One of the advanced high
strength steel varieties developed for industrial applicati-
ons and especially for automotive production is TRIP ste-
els, which means plasticity caused by transformation [3-5].
Much research and improvements are being conducted in
the automobile industry to improve their safety and fuel con-
sumption performance [6,7]. As a result of these researches
and developments, it is important that cars are designed and
manufactured to be durable and safe when exposed to static,
impact and variable loads [8-10]. TRIP steels are used in a
wide range in the production of shock absorber and beam
supporting parts of automobiles due to their high strength
and formability [11]. De Cooman [12], reported that two ty-
pes of high strength steels (< 1000 MPa and > 1200MPa)
are needed for safety-based car body design. These are du-
al-phase (DP) and TRIP steels with a high energy absorpti-
on potential tensile strength below 1000 MPa, for dynamic
loading occurring during car crashes or collisions [12,13].
When it comes to protecting vehicle passengers, the type
of sheet material used as a load transfer barrier is specified
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as martensitic steels with a tensile strength over 1200MPa
[12,13]. In summary, these advanced high strength steels are
preferred and used for applications where high strength and
ductility as well as excellent formability and weight savings
are required [14,15].

In recent years, the effects of low-temperature processes on
the properties of materials are remarkable. Low-temperatu-
re processes are called cold process (cold heat treatment or
cold treatment) up to -80 °C (processes in dry ice), and tho-
se performed at liquid nitrogen temperature are called deep
cryogenic processes. As stated in the study "Microstructure
of cryogenically treated M2 tool steels" conducted by Hu-
ang et.al.[16]; many researchers point out that the cryogenic
process increases the wear resistance of steels by providing
the complete transformation of residual austenite to marten-
site. Another group of researcher claims that the cryogenic
process improves the wear resistance by facilitating the for-
mation of n-type carbides in martensite [17,18]. It is known
that applications at low temperatures (cryogenic tempera-
tures) significantly affect the mechanical properties of aus-
tenitic stainless steels by martensitic transformation. Powell
et al. [19] and Hecker et al. [20] investigated the effects of
strain rate and stress condition on strain-based martensite
formation and mechanical properties on austenitic stainless
steel. The effect of temperature and strain on the martensi-
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tic transformation was indicated by Powell [19] while, the
martensite ratio under multiaxial loading was determined
by Hecker et.al. [20] Yoo et al. [21], investigated the dynamic
loading structural analysis of advanced high strength mate-
rials performed at low temperatures and simulated the tem-
perature and strain rate change of TRIP steels in low tem-
perature applications. They pointed out that advanced high
strength materials also show extreme sensitivity depending
on the stress rate and temperature [21]. Additionally, the ex-
perimental results simulated with the proposed numerical
model revealed that TRIP steels exhibit nonlinear material
properties at low temperature [21].

Literature research points out to a lack of knowledge about
the effect of low service temperatures on the properties
of TRIP steels. For this reason, in the study; TRIP80O ste-
els were cold heat treated at various temperatures for two
hours. Then, microstructure and mechanical properties
of samples were examined in detail after bringing them to
room temperature.

2. MATERIAL AND METHOD

2.1. Material:

The chemical content (% weight) of TRIP80O steel, which is
commercially supplied in 1000 x 1500 x 1.5 mm dimensions,
is given in Table 1.

Table 1. Chemical composition of TRIP800 grade steel

Element .
e Si | Mn P S Cr Mo Al Fe
TRIP80O | 0,22 (1,576 1,619 0,013 0,003 0,016 0,014 0,036 Remain

2.2.2.2 Preparation of Experimental Test Samples:

The tensile test specimens in accordance with the TS EN
ISO 6892-1 standard were obtained by using the press cut-
ting die for determining mechanical properties.

In order to assess effect of the cold treatment on mechani-
cal properties of TRIP80O steel, the test samples were kept
in groups of different temperatures at 0 °C, -20 °C and -50
°C for two hours, respectively. The tensile tests were app-
lied after the samples were brought to room temperature in
open atmosphere conditions. A group of samples were also
tested at room temperature (25 °C) without any cold tre-
atment for comparison. Tensile tests were carried out in a
device of SHIMAZDU with a capacity of 50 kN at a strain
rate of 2 mm/min. To minimize the experimental errors, a
set of three tensile test samples were tested for each condi-
tion. In addition, hardness measurement was carried out by
applying a load of 500 g in the Vickers microhardness tester.

Metallography samples were molded with cold resin and
then prepared by using classical metallography methods
for structural evaluation. The samples were etched with 2%
nitric acid solution. Carl Zeiss Ultra Plus Fe-SEMs brand
scanning electron microscope (SEM) and EDS analysis sys-
tem were used to examine the microstructure and fracture
surfaces.
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3. RESULTS AND DISCUSSION

3.1. Tensile Tests:

The mean yield and tensile strength, elongation amount and
breaking point are given in Table 2 for TRIP80O steel, which
is cold processed for two hours at various temperatures. The
mean stress-strain curves are shown in Figure 1.

Table 2. Mechanical properties of TRIP80O steel cold heat treated at
various temperatures.
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Figure 1. Cold heat treatment of TRIP800 steel at various temperatures;
a) stress-strain curves, b) The graphical representation of yield, tensile
strength, and elongation versus cold treatment temperature.

As seen from Table 2 and Figure 1; the mechanical proper-
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ties of TRIP8OO steel, the yield strength, tensile strength and
elongation of the TRIP80O steel were determined. It has
been found that cold treatment has no significant effect on
the tensile strength and formability of TRIP800 steel. Howe-
ver, the cold treatment causes an increase in the yield stren-
gth of the steel depending on decreasing the temperature. It
was determined that the yield strength of TRIP800 steel was
540N / mm? at room temperature and increased to 570N /
mm? in the sample that was cold processed at -50 °C. The
yield strength of steels is significantly affected by tempera-
ture [22]. In this study, the yield strength of TRIP80O steel
samples increased approximately 30N / mm?with the decre-
asing cold treatment temperature.

The relationship between yield strength and cold treatment
temperature can be explained by the change in a volumetric
ratio of phases in the microstructure of TRIP steel. The ge-
neral structure of TRIP steel has the majority of ferrite and
bainite phases (about 85%) and the minority of the residual
austenite phase (about 15%) as well as martensite transfor-
med by residual austenite. Increasing on the yield strength of
the TRIP80O steel by decreasing cold treatment temperature
can attribute to strain induced martensitic transformation
and the dominant role of ferrite and bainite phases in the
structure. In a study, Wang et al. [23] investigated the relati-
onship between yield and tensile strength and temperature
of TRIP steel at temperatures between 20 °C and —40 °C. It
has been reported that the yield strength of steel increases
with decreasing temperature down to -5 °C, then decrea-
ses down to -20 °C, and increases again as it goes down to
temperatures lower than -20 °C. This anomalous event at -5
°C is explained as the transition point from stress-induced

martensitic transformation to strain-induced martensitic

transformation. In the temperature range between -5 °C and
-20 °C, it is reported that the onset of martensitic transfor-
mation due to tensile stress in the elastic region leads to re-
gional softening in residual austenite and causes a decrease
in yield strength [23]. However, it is noted that below -20 °C
yield strength increases with decreasing temperature, with
the same tendency as the temperature range of 20 °C to -5
°C. This effect is attributed to the dominant role of ferrite
and bainite phases in the structure [23].

Moreover, martensite formation under stress has been re-
ported to produce more effective strain stiffness than or-
dinary shear in the face center cubic austenite phase [24].
From the above analyzes, it is stated that the martensitic
transformation in TRIP steel causes stress redistribution
by the strain hardening and uniform elongation effect. It is
also believed that the martensitic transformation from re-
sidual austenite can relax the stress accumulated in ferrite
and bainite around the austenite. This stress relief may be
responsible for the slight change in hardness at cold treat-
ment temperatures.

In the study, fracture surface images of tensile test samples
of TRIP8OO steel tested at ambient temperature after cold
treatment at various temperatures were examined. The frac-
tured surface image of the samples tested at room tempera-
ture and -50 °C temperature are shown in Figure 2 and Fig-
ure 3, respectively.

Dimples on the surface indicates the ductile fracture whi-
le, planar regions indicate brittle fracture modes. As seen
Fig.2 and 3, the fracture surfaces of the test specimens show
that the damage is generally caused by the semi ductile-semi
brittle fracture behavior. The formations of secondary phase

=
- ——— e

Figure 3. Fracture surface image of TRIP80O steel cold-treated at -50 °C a) lower magnification b) higher magnification.
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particles, which are thought to be metal carbides inside the
dimples, are responsible for the onset of fracture has been
tried to be determined. For this purpose, point EDS analysis
were taken from the fracture surfaces of the sample tested at
room temperature and the result is shared in Figure 4.

1 20.80 0.35 1.79 0.00 0.00 1. 15.46 0.07
2 51.07]0.29 1.41 0.13 0.04 1.14 @3 _85|[T.07
3 94.78 2.65 0.31 0.04 0.00 0.41 1.82 0.00

21.20 0.00 0.95 0.00 0.00 1.89 75.97 0.00
Mean value 46.96 0.82 1.11 0.04 0.01 1.24 49.52 0.29
Sigma: 24.89 1.23 0.64 0.06 0.02 0.64 34.97 0.52
Sigma mean: 17.44 0.61 0.32 0.03 0.01 0.32 17.49 0.26

Figure 4. EDS analysis result of TRIP80O steel fracture surface tested at 25
°C

As seen from Figure 4, the higher amount of Fe, Mo and C
elements presence in EDS analysis results indicate the pos-
sibility of carbide formation in TRIP 800 steels. As a result
of analysis, (Fe and Mo) C carbide formations in TRIP800
steel form the precursor for the initiation of fracture. It is re-
ported that Fe, M, (M = W, Mo, Cr, V) C carbide formations
occur in steels with or without cryogenic treatment [16].

3.2. Hardness Measurement:

In the study, the results of hardness measurement performed
on samples that were cold treated for two hours at various
temperatures are graphically shown in Figure 5.
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Figure 5. Hardness profile of TRIP800 steel cold treated at various tempe-
ratures.

As seen in Figure 5; the hardness of TRIP80O steel which
is consisting of bainite and residual austenite phases in a
ferrite matrix was measured in the range of 261+2 - 273+2
HV . on average. The lowest hardness was measured in the
cold treated sample at the temperature of -20 °C while, the
highest hardness was measured in the cold treated sample
at the temperature of -50 °C. The close results indicate that
the hardness of TRIP800 steel is not significantly affected
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by cold treatment. As mentioned earlier, residual stress that
occur in the ferrite and bainite phases arising from the pro-
duction process in TRIP80O steel may be responsible for the
slight change in hardness at cold treatment temperatures.

3.3. Microstructure Evaluation:

The microstructure images of TRIP80O steel, which was
cold heat treated for two hours at various temperatures, are
shown in Figure 6.

Its microstructure consists of bainite and residual austen-
ite phases dispersed in the ferrite matrix. Responsible for
the higher strength, formability, and uniform elongation of
TRIP80O0 steel are the bainite, ferrite phases and martensite
phase formed by the transformation of the residual austen-
ite, respectively.

As seen from Figure 6d; because of cold treatment at -50°C,
no significant structural change was detected in the micro-
structure of TRIP80O steel. However, the following situa-
tion should not be ignored. The structural transformation
of steels with martensite transformation finishing tempera-
ture below room temperature is completed, especially with
the increase in martensite volume ratio. For this reason, it
is thought that the decrease in the volume ratio of residual
austenite phases in the ferrite matrix in the structure of steel
is replaced by an increase in the amount of martensite.

In recent years, it has been stated that cryogenic heat tre-
atment application suppresses dynamic recovery in alu-
minum alloys and increases dislocation density, which are
responsible for development of ultra-fine grain structure
in the material thus increases the strength [25]. However,
considering the cold treatment temperature and application
time applied to TRIP80O steel in this study, ultra-fine grains
formation cannot be expected in the structure. In addition,
the slight change in TRIP800 steel hardness at the specified
temperatures may be related to factors such as loosening of
residual stresses, coarsening of martensite, reduction of dis-
location density, segregation of carbon and alloying element
atoms and carbide precipitate formation.

There is uncertainty as to how cold treatment affects carbide
formation in martensite. However, it is stated by Huang et
al. [16] that two issues come to the fore in this regard. In the
first one, lowering the M, initial temperature for the trans-
formation from austenite to martensite, and the second,
waiting for sufficient time at this temperature are specified
as requirements for high carbide formation. Crystal discon-
tinuity such as dislocation and twinning cause microscopic
residual stresses during cooling. These stresses cause chang-
es in microstructure. It is stated that this leads to different
thermal shrinkage and the transformation of residual aus-
tenite to martensite [16]. The martensite must be cooled be-
low a certain temperature to create residual stress and suf-
ficient crystalline defects. It is stated that the long holding
time at the specified temperature may cause local diffusion
process, causing the carbon and alloy atoms to cluster and
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Figure 6. Microstructure of cold heat treated TRIP80O steel at different temperatures a) +25°C, b) 0°C, ) -20°C, d) -50°C.

cause crystal defects. With decreasing temperature, marten-
site reaches oversaturation, causing increased distortion and
thermodynamic instability in the crystal lattice [16]. These
two conditions cause the segregation of carbon and alloy
atoms as well as defects. This aggregation of carbon and al-
loy atoms enables carbide nucleation and growth during the
subsequent reheating or tempering process to room tem-
perature [16].

The crystal defects density in the structure consisting of
martensite is also very high. It is very difficult to observe
in practice the segregation of carbon and alloy atoms as
well as defects during the cryogenic process. However, neu-
tron diffraction analysis in Huang's study indicates that the
lattice parameters "a" and "c" differ during the cooling and
reheating of the martensite phase [16]. The lattice param-
eter "a" varies almost linearly with temperature. The same
graphic formation during heating and cooling indicates pure
thermal elastic effect. However, the lattice parameter “c”
decreases first during cooling, but it increases very slowly
while warming [16]. This situation leads to the conclusion
that carbon atom segregation is in the cold treatment. The
carbon atom is generally in octahedral or tetrahedral places
in the martensite phase. It has been reported that the seg-
regation of carbon atoms from octahedral or tetrahedral lo-

cations to places with crystal defects mainly affects the “c
lattice parameter [16].

It is thought that the two hours cold treatment at the tem-
peratures of -20 °C and -50 °C can cause clustering and

segregation of carbon and alloy atoms in TRIP80O steel,
which contains enough residual stress due to the produc-
tion process. In addition, it is believed that cold treatment
causes more crystal defects such as dislocation and twin-
ning. It is thought that the carbides that will form when the
TRIP8OO steel is warming up to room temperature after the
cold treatment applied, reduce the amount of carbon and
alloying elements in the matrix and causes a slight change in
hardness because of stress relief.

4. CONCLUSION

The effects of cold heat treatment applied at various tempe-
ratures on the properties of TRIP80O steels were investiga-
ted. The findings obtained from the samples tested at am-
bient temperature after cold treatment can be summarized
as follows.

+ It was determined that the decreasing cold treatment
temperature of TRIP800 steel did not create a
significant change in tensile strength and ductility but
its increased yield strength.

+ The fracture surfaces examination of the tensile test

specimens indicates semi ductile-semi brittle fracture
The formations of secondary phase
particles, which are metal carbides, inside the dimples
are thought to be responsible for the onset of fracture.

behaviour.

+ Thehardness of TRIP800 steel, which consists of bainite
and residual austenite phases in a ferrite matrix, was
measured in the range of 261-273 HV0.5. The lowest
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hardness was found in the sample cold treatment at
-20 °C, the highest hardness was measured in the cold
treated sample at -50 °C. The residual stress may be
responsible for the slight change in hardness. It is
believed that the carbides that form when the TRIP800
steel is warming up to room temperature after the cold
treatment applied, reduce the amount of carbon and
alloying elements in the matrix thus causes a slight
change in hardness as a result of stress relief.

TRIP8OO steel consists of bainite and residual austenite
phases dispersed in ferrite matrix. Because of cold
treatment up to -50°C, no significant microstructural
change was detected in the microstructure of TRIP800
steel. However, it is thought that the decrease in the
volume ratio of residual austenite phases in the ferrite
matrix in the structure of steel is replaced by an
increase in the amount of martensite.
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