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Bainitic transformation
during the two-step Q&P processin alean
medium Mn steel containing silicon

S. Kaar, R. Schneider, D. Krizan, C. Béal, C. Sommitsch

Lean medium Mn Quenching and Partitioning (Q&P) steels with Mn contents up to 5 wt-% have recently gained a lot
of interest due to their promising combination of strength and ductility. This steel group is characterized by a micro-
structure consisting of a carbon-depleted tempered martensitic (a') matrix and a considerable amount of retained
austenite (RA) stabilized by both, C and Mn, in order to ensure a sufficient strain-induced austenite to martensite trans-
formation (TRIP-effect). Furthermore, the hard o'’ matrix contributes to the excellent performance of these steels in
bending, sheet cuttingand hole expansion operations. In this contribution, the impact of the Q&P process on the trans-
sformation behavior of a 0.2C-4,5Mn-1.5Si lean medium Mn steel is presented and discussed in detail. This includes
dilatometric experiments examining the influence of the Q&P process parameters on the phase transformations, light
optical and scanning electron microstructural (LOM, SEM) investigations, as well as hardness measurements according
to Vickers. Moreover, the Q&P annealing approach was compared to the TRIP-assisted bainitic ferrite (TBF) process, in
order to evaluate the influence of primary martensite (o', ) being present in the Q&P samples at the onset of isother-
mal bainitic transformation (IBT) on the transformation kinetics. With increasing quench temperature (T,) the amount
of a” significantly decreased, whereas the phase fraction of bainitic ferrite (a,) and RA continuously increased, leading to

the formation of fresh martensite (o', ) and the sharp decrease of the RA fraction at T, exceeding 250°C. Furthermore,

final

with increasing partitioning temperature (T,) a decreasing amount of a,, associated with an increasing amount of o', ,
could be examined. The comparison of the Q&P and TBF process in terms of transformation behavior manifested a

pronounced influence of the presence of a since the IBT was intensively accelerated in the Q&P samples.

initial
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the development of Advanced High Strength Steels (AHSS)
(2,3). By the application of AHSS grades, the sheet thick-
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ness can be downgauged due to their increased tensile
strength, resulting in a significant weight reduction of body
structures (4). Furthermore, AHSS are characterized by an
improved ductility, which has beneficial impact on the pro-
duction of complex automotive parts (5). The 15t genera-
tion AHSS includes Dual Phase (DP), Transformation-Indu-
ced-Plasticity (TRIP) and Complex Phase (CP) steels, with
a multiphase microstructure (6,7). These steel grades are
already in industrial application, since they are characteri-
zed by a good combination of strength and ductility with
tensile strengths (UTS) up to 1200 MPa and total elonga-
tions (TE) up to 40 % (8,9). The 2 generation AHSS, which
has outstanding mechanical properties with UTS*TE rea-
ching 60,000 MPa%, is represented by Twinning Induced
Plasticity (TWIP), Nano-TWIP, Duplex and Triplex steels
(10). However, until now, they are hardly used in industrial
applications due to their challenging processing and high
alloying costs. (11)

Currently, significant effort is put into the development of
the 39 generation AHSS in order to fill the property gap
between the 15t and 27 generation AHSS (12). Therefore,
recent research activities focus on the development of
Q&P, TBF and medium Mn steels (13,14).

Q&P steels have a microstructure consisting of a car-
bon-depleted martensitic matrix with a substantial amount
of RA (15). Therefore, first the steel is fully austenitized, fol-
lowed by subsequent quenching to a specific temperature
below the M. temperature in order to adjust the optimal
)and RA. Afterwards, the
steel is reheated to the over-ageing region, which triggers

amounts of initial martensite (a', .,
the o' tempering. During this stage the carbide precipita-
tion will be significantly suppressed by the addition of Si
and/or Al. This enables the carbon partitioning from a' into

the remaining austenite (y ___ ), resulting in its appropriate

remain

stabilization to room temperature (RT) upon final cooling
(16,17).

Medium Mn steels, which refer to the 3¢ generation AHSS,
as well, typically contain 3 = 12 wt-% Mn (12). They are
characterized by a microstructure consisting of an ultrafi-
ne-grained ferritic matrix with typical grain sizes below 1
pum and approximately 30 vol.-% RA (13). Medium Mn ste-

els have excellent mechanical properties with products of
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R *A,, exceeding 30,000 MPa% (18).

The combination of the Q&P process and the concept of
medium Mn steels resulted in the development of lean me-
dium Mn Q&P steels. (19) In comparison to conventional
Q&P steels, this steel grade contains an increased Mn-con-
tent (up to 5 wt-%), leading to a larger volume fraction of
RA, which is chemically stabilized by C partitioning from
a' toy,,,, during isothermal holding in the over-ageing
region. The increased amount of RA and the presence of
the hard C-depleted martensitic matrix allows for superior
performance of these steels in both, deep drawing applica-
tions and forming operations such as bending, hole expan-

sion and sheet cutting (20).

By the application of the constrained carbon equilibrium
(CCE) model proposed by Speer et al. (21), the amount of
RAas afunction of T, can be predicted. This simplified mo-
del allows the calculation of the C-content iny and therefo-
re the prediction of the volume fraction of RA under three

main assumption: (1) full C partitioning from o’

initia

oy
while the partitioning kinetics are ignored; (2) no move-
ment of phase boundaries during the partitioning process;
and (3) no competing reactions like a, formation or carbide
precipitation take place during the Q&P heat-treatment.

(21)

According to (22-27), the transformation from y to aB du-
ring isothermal holding at Tr has been observed in several
instances.

Clarke et al. (25) and Kaar et al. (26,27) investigated a de-
clining volume fraction of RA due to the formation of car-
bide-free bainite during the C-partitioning step. However,
besides the impact of the bainitic transformation on the
amount of RA, an influence on the RA stability was also
found (22-24).

Thisis due to the fact that the formation of carbide-free bai-

nite contributed to the chemical stabilization of RA.

Therefore, the present contribution focusses on the investi-
gation of the transformation behavior of a 0.2C-4.5Mn-1.5Si
steel grade. The influence of Ta and Te on the transforma-
tion kinetics and thus the final microstructure and resulting

hardness was investigated in detail. Furthermore, the Q&P
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heat-treatment was compared to the TBF process in order

to evaluate the influence of the presence of o' formed

initia

during quenching to Te on the IBT.

Experimental Procedure

In the present investigation, a steel grade containing 0.173
wt-% C, 4.46 Wt-% Mn, 1.47 wt-% Siand 0.027 wt-% Al was
investigated (Table 1). The steel was laboratory fabricated

by medium frequency induction melting and cast into an
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ingot of approximately 80 kg. The material was hot rolled to
a thickness of 4 mm, followed by tempering in a batch-an-
nealing-like furnace at 550°C for 16h in order to provide
cold rollability. Subsequently, the strip was cold rolled to a
thickness of 1 mm. In order to investigate the transforma-
tion behavior depending on Ta and Tr (Ts), a Bahr 805 A/D
dilatometer was used. Therefore, specimens with dimen-
sions of 10 x 4 x 1 mm3 were produced by wire-electrical

discharge machining.

Tab.2 - Chemical composition of the investigated steel in wt-%

Figure 1 displays the time-temperature regimes for the
Q&P (left) and the TBF (right) processes. In both cases,
first the samples were fully austenitized at 900°C (Tan) for
120 's (tan) using a heating rate HR of 10 K/s. Subsequently,
for the Q&P heat-treatment the samples were quenched
to various T, in the range of 130°C - 290°C in steps of 20°C
with a cooling rate CR, of 50 K/s. After 10s isothermal hol-
ding the samples were reheated with a heating rate HR,
of 20 K/s to a specific Tr (350, 400 and 450°C) for 600s (tp).
On the contrary, for the TBF cycle after full austenitiza-
tion, the samples were directly cooled to a Ts of 350, 400
or 450°C and isothermally held for 600s (t8). Finally, all
samples were quenched to RT using a cooling rate CR, of

a) 1000 T T T
E= Tan ! tan Q&P
— | austenitization ,
O gonl - - i . e ke ]
e,
CR
E queinchlng
£ HR, :ﬂHRz 1 R
0 Toltg
0 200 400 600 800 1000
time [s]

50 K/s.

Microstructural investigations were performed by means
of LOM using LePera etching according to (28). Additio-
nally, after electrochemical polishing, SEM was applied
for higher resolution examinations.

Mechanical properties were investigated by hardness te-
sting according to Vickers (HV1) using an Emco Test Du-
raScan 20 device. SMM (29) was used to determine the
volume fraction of RA, which was compared to the RA
content calculated according to the CCE-model propo-
sed by Speer et al. (21).

E

b)

Tolt, | ' TBF
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|cR,

temperature [*C]
8 8 & 8
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Fig.1 - Time-temperature regimes used for a) the Q&P and b) the TBF heat-treatments (26)
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By the application of the Koistinen-Marburger (KM) equa-
tion (30), the volume fraction of a' formed during quen-

chingto Ta was determined

fm=1-e4-0.011(Ms - Ta)) (1]

Here, fv describes the amount of o' formed during quen-
ching from the y-region to Ta. Ms is the martensite start
temperature, which was calculated according to Mahieu et
al. (31):

Ms =539 - 423C - 30.4Mn - 7.5Si + 30Al [2]

Figure 2 a) shows the volume fractions of a' and y which
were calculated by applying the CCE-model.

Figure 2 b) depicts the related time-temperature regime
for the Q&P process. In the CCE-model both, KM- and

(2
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o
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Ms-equations are applied twice. Initially, the Ms tempera-
ture of the y and the volume fraction of a' formed during

quenching to a specific Ta (orange line) are calculated.

The remaining amount of y after quenching is represented
by the green curve in Figure 2 a).

Since the applied CCE-model assumes full C partitioning
from o' to remaining y during isothermal holding at T, a
new M. temperature is calculated according to Mahieu,
Given that, the volume fraction of a' formed during final
coolingto RT is calculated (blue line), using the KM equa-
tion once again.

The resulting RA content as a function of Ta is shown in
dark green. It is evident that the largest fraction of y can be

retained at that Ta where no fresh a' is formed upon final

cooling.

b) temperature
A

Vinitial

a initial

Fig.2 - a) Calculated phase fractions of martensite (a') and austenite (y) as a function of Ta and b) the related Q&P

heat-treatment with the schematic microstructural evolution

Results

Transformation Behavior

Figure 3 a) exemplarily shows the influence of Te on the di-
latometric curves for the Q&P samples quenched to a Ta
of 270°C compared to the influence of Ts for the TBF sam-

ples (Figure 3 b)). In the case of the Q&P regime, o', . was

initial
formed during quenching to Tq, since the Ms temperatu-
re was approximately 310°C. During isothermal holding at
Tp, y partially transformed to as, accompanied by a length
expansion apparent from the dilatometer curves. Although

the amount of as was rather low, an influence of Te on its

phase fraction could be found, since with increasing Tr a
smaller length expansion was observed. As a result, Te in-
directly influenced the formation of a';  during cooling to
RT: Only for the Q&P samples with a Te of 350°C the forma-
tion of o', could be fully prevented, whereas at higher Te
of 400 and 450°C the curves confirm the formation of o',
at low temperatures.

On the contrary, for the TBF samples hardly any formation
of as during isothermal holding at Te could be observed.
The main transformation was the martensitic one during
final cooling, indicating that the holding duration of 600 s
was definitely too short for bainitizing.
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Fig.3 - Dilatometric curves at different T,(TB) of a) Q&P heat-treatment (T, =270°C) and b) TBF heat-treatment

Figure 4 gives a detail view of the influence of Tpand Tson
the as formation as a function of isothermal holding time
for the Q&P (Ta =270°C) and TBF heat-treatment.

In both cases, with increasing Tr and Ts the amount of as
formed during isothermal holding decreased.

However, especially for a Tr of 350°C and Ts of 350 and
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400°C the formation of as was not completed during the
investigated period of time due to the slower transforma-
tion kinetics at lower temperatures.

When comparing the two processes, it is evident that in
general for the Q&P samples the larger volume fraction of

as was formed.
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Fig.4 - Dilatation due to as formation as a function of isothermal holding time at different Te (Ts)
for a) Q&P heat-treatment (Ta = 270°C) and b) TBF heat-treatment

In addition, for the Q&P steels the transformation beha-
vior depending on Ta was investigated (Figure 5).

With increasing Tq, lower amounts of o', . were formed

initia
due to the lower driving force for the martensite transfor-
mation.

On the contrary, the volume fraction of asformed during

isothermal holding increased with increasing Taq, which is
confirmed by the larger dilatation in Figure 5 b).
Furthermore, as already displayed in Figure 3 a) at very
high Ta of 270°C, the formation of o', during final cooling
to RT was observed.
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Fig.5 - a) Dilatometric curves at different Ta (Tr = 400°C) and
b) dilatation due to as formation as a function of isothermal holding time at different Ta (Te = 400°C)

Microstructure

As already confirmed by means of dilatometry, Ta signi-
ficantly influenced the phase transformation behavior,
and thus, the presence and the amount of the final micro-
structural constituents of the investigated steel.

Figure 6 a) - ¢) depicts the LOM images of the Q&P sam-
ples quenchedtoaTaof 190, 230 and 270°C, respectively.
In comparison, the microstructure of the TBF sample is
shown in Figure 6 d). All micrographs relate to the the mi-
crostructure obtained at a Te and Ts of 400°C. The LOM
images for the Q&P steels show a matrix consisting of a

mixture of a’" and small amounts of as, appearing as bluish
and brownish areas in the micrographs. Furthermore, RA
and/or o', , represented by the white and brownish are-
as, could be observed in rising amounts finely distributed
in the matrix.

As confirmed by dilatometry, at a Ta of 190 and 230°C,
the secondary phase solely consisted of RA, whereas
for the samples quenched to higher Ta the formation of
a', could not be prevented. On the contrary, the micro-
structure of the TBF samples primarily consisted of o',
with small amounts of finely distributed RA islands and
only small fractions of ae.

Fig.6 - LOM images of the a) - ¢) Q&P samples (Ta = 190, 230 and 270°C) and
d) TBF sample at a Te (Ts) of 400°C (original magnification 1000x)
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The SEM images of the Q&P samples quenched to a T of
190, 230 and 270°C are displayed in Figure 7 a) - ¢), where-
as Figure 7 d) depicts the microstructure for the TBF sam-
ple. By means of SEM, small amounts of cementite preci-
pitates with an obvious triaxial alignment, confirming the
presence of a'’, could be observed for the Q&P samples.
Concerning the presence of ag, no significant influence of

Taq was found, since the volume fraction was rather low,

Memorie scientifiche - Trattamenti Termici

independent from Ta. However, at a Ta of 270°C a sub-
stantial amount of o', was found in the microstructure.
In the present micrographs, RA appears as cavities, since
it was dissolved during electrochemical polishing due to
its high C and Mn content,

In comparison, the TBF treated sample largely consisted

of fine lath like martensite (a', ) with low fractions of RA

fina

and as.

Fig.7 - SEM images of the a) - ¢) Q&P samples (Ta = 190, 230 and 270°C) and
d) TBF sample at a Te (Ts) of 400°C (original magnification 5000x)

In Figure 8, the phase fractions in the final microstructure
of the Q&P samples are summarized as a function of T, for
different Te. In addition, the bar charts, situated close to
the right rim of each diagram, depict the microstructural
constitution for the steel after TBF treatment. Indepen-
dent from T,, for the Q&P samples with increasing Ta a
considerable decrease of a'' was observed, whereas the
volume fraction of as increased. However, particularly at
higher T, a vivid influence of T, is obvious: the increase
of Tr led to a sharply decreasing fraction of as, resulting in
the formation of o', upon cooling to RT. Therefore, the
RA content steadily rose with increasing Ta until the on-
set of the formation of a’, | occured. For the TBF samples,
it is obvious that only small amounts of as were formed
at all investigated temperatures as already shown by di-
latometry (Figure 4 b). Due to these low as fractions, the
largest amount of y transformed into o', during final co-

oling, in turn resulting in comparably low amounts of RA.

In Figure 9, the amount of RA measured by means of SMM
is plotted in detail as a function of Ta ata Tr of 350, 400 and
450°C. Furthermore, the volume fraction of RA for the TBF
treated samples is shown in the form of dotted lines. In
addition, the diagram contains the calculated RA fraction
according to the CCE-model. This model proposed a RA
maximum (RA ) of 19.8 vol.-% ata T, of 173°C. In accor-
dance with the model calculations, the experiments also
confirmed the fundamental shape of the RA evolution as a

function of Ta. At very low Ta large amounts of o were

initia
formed, leading to low RA fractions. With increasing Ta

the amount of o decreased, and therefore the volu-

initial
me fraction of RAincreased, until RA__ was achieved, fol-
lowed by a decline in RA content. This decreasing amount

of RA at higher Ta was due to the lower chemical stabiliza-
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tion of austenite and the resulting formation of o', upon
coolingto RT. The experiments further show an influence
of Tr on the volume fraction of RA: by increasing Te from
350 t0 400°C, RA | rose from 19.7 to 22.4 vol.-%.

In this context, at the Tep of 350°C, the amount of RA cor-
related well with the model calculations. On the contrary,
at the Trof 400°C and 450°C, a higher amount of RA was
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achieved compared to the model predictions. Moreover,
RA__ occurred for all Te, at temperatures 60 to 70°C hi-
gher than predicted by the CCE-model.

It is evident that the RA contents determined for the TBF
samples were much lower compared to the Q&P samples,
ranging from 4.6 vol.-% RA at a Te of 450°C to 7.1 vol.-%
RA at Ts = 350°C.
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Fig.8 - Phase fraction as a function of Ta fora Te (TB) of a) 350°C, b) 400°C and c) 450°C
< 30 600
é —aA—T, =350°C Q&P
= g —=—T,=400C —
° —e—T, = 450°C Q&P T
> P L\ < 500 , ]
s 20 CCE-mod !| ﬁii\*. = f—A—a M
-mode L —,
= 7)) * - ~t1-k
o 15 > \A\A & 400 e 5 ]
: % s
o 10 e ™| TE =
— R RO ISR W \: ......... e J 350 £ 3004 Tp =350°C|
8 L ! PP el 400 —.—Tp =400°C
e 450 —e—T, = 450°C
c 0 T 00 - .
100 150 200 250 300 100 150 200 250 300

quench temperature [°C]

Fig.9 - RA content as a function of Ta for a Te (Ts) of 350,
400 and 450°C

Hardness

Figure 10 depicts the hardness according to Vickers as a
function of Ta. In the Ta range of 130 to 230°C, both increa-
sing Taand Trled to aslight decrease in hardness. However,

when further increasing Tq, a considerable increase in hard-

quench temperature [°C]

Fig.10 - Vickers hardness as a function of Ta for a Te of
350, 400 and 450°C

ness could be observed, especially at a Tr of 450°C. For this
reason, in the case of the Q&P samples, the hardness was
between approximately 400 and 500 HV1. In contrast, for
the TBF samples hardness was quite constant with 510 HV1
ataTs of 400°C, and 511 HV1 at 350 and 450°C, respectively.
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Discussion

In Figure 11, the IBT for the Q&P samples (exemplarily at
a Ta of 270°C) and the TBF samples is compared. The TTT
diagrams show an evident acceleration of the as formation
in case of the Q&P process. This is in agreement with Kaar
etal. (26) and Wang et al. (32), since the presence of o',
pronouncedly accelerated the IBT due to the presence of
geometrically necessary dislocations, acting as nucleation
sites for the as formation. When comparing the IBT of the
present steel grade with that of a Fe-C-Mn-Al steel inve-
stigated in (26), it is evident that the substitution of Si by

1000 . . ;
a) A Q&P
g 800+ Ty =270°C 1
2 Ac1
5 600 ]
s
S
Q B IO S RN S D i L hei .
2 ool -G g
Q
+ 2001 1% 2% 3% 5%
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Al leads to a larger amount of as formed during isother-
mal holding at Te. According to (33) this can be explained
by the fact that Al shifts the To-line to higher C-contents,
enabling the formation of a larger amount of ae.

Furthermore, in the present case, a general impact of the
Tr (Ts) on the transformation kinetics was found: espe-
cially at a Tr (Ts) of 400°C, the transformation kinetics was
evidently accelerated due to the faster C diffusion into the
remainingy, while at 450°C a reduced driving force for the

bainitic transformation seems to limit the transformation

kinetics.
1000 . : .
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TBF
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oo 8001 - ]
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Fig.11 - TTT diagrams for a) Q&P steels (Ta = 270°C) and b) TBF steels

Furthermore, in terms of RA investigations, a considerable
difference between the calculated CCE-model and expe-
rimental data was found. This was particularly apparent for
the amount of RA and optimal Ta, which is in agreement
with results reported in literature (21,26,27,34). One reason
for this discrepancy is the fact that the application of the

CCE-model assumes full C-partitioning from o', . into the

initia:
remaining y. However, in the present case, the presence of
cementite was observed in the microstructure (Figure 7),
which contradicts this assumption. This led to both, a lower

amount and chemical stability of y resulting in the for-

mation of o', during coolingto RT and thus lower RA con-
tents. Furthermore, the CCE-model does not consider the
formation of as, associated with a decline in RA content. In
comparison to the Fe-C-Mn-Al steel grade investigated in
(26,27), the RA content was higher for the Si-alloyed steel

examined in this contribution due to the lower amount of

as formed during isothermal holding. This indicated that in
the present case, RA was mainly stabilized via C-partitioning
during the partitioning step, whereas for the Al-alloyed ste-
el investigated in (26, 27) the RA stabilization was achieved
by both, formation of as and C-partitioning.

In general, in terms of RA stability, both, chemical and me-
chanical stabilization have to be considered (35). However,
the CCE-model only takes into account the chemical stabi-
lization, which explains the significant shift of the RA__ to
higher Ta than predicted. Additionally, two empirical for-
mulas, describing the o' kinetics and the M, temperature,
are included in the CCE-model. Therefore, slight differen-
ces in the chemical composition due to segregations could
lead to deviations from the model, as well (36). Neverthe-
less, the CCE-model proposed by Speer et al. (21) is a vital
tool for the first estimation of applicable annealing parame-
ters in case of Q&P steels.
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Conclusions

The results of the present investigation indicate that the
Q&P process has significant influence on the transforma-

tion behavior of lean medium Mn steels.

It is of vital importance to carefully set both, Ta and Tp,
since they have significant impact on the microstructural

constituents and thus, certainly mechanical properties.

The main findings of the present contribution can be

summarized as follows:

- In case of the Q&P process, the formation of o', ., du-

ring quenching to Ta significantly accelerated the IBT,

initia
acting in the form of vital nucleation sites.
+ For both, Q&P and TBF processes, with increasing Tr

(T,) the IBT kinetics was accelerated, but the amount of as

formed during isothermal holding was decreased.

Acknowledgements

La Metallurgia ltaliana

International Journal of the Italian Association for Metallurgy

+ Theincrease in Taresulted in a lower volume fraction of
a', .. andslightly larger amounts of as. Therefore, the vo-
lume fraction of RA increased, until that Ta where a'final
was formed and thus RA content declined sharply. In case
of the Q&P samples this led to a final microstructure con-

sisting of a'’, RA and at higher TQ partially of as and o', .

« Especially for the Q&P samples heat-treated at a low T,
the comparison of the CCE-model and the experimental
data showed a significant divergence in terms of RA con-
tent. Additionally, a substantial shift of the RA-maximum
to higher Ta was observed compared to the CCE-model
predictions.

- In the present case, for the Si-alloyed steel grade RA
was mainly stabilized by C-partitioning during isothermal
holding at Te, whereas on the contrary for the Al-alloyed
steelinvestigated in (26, 27), the RA stabilization was per-
formed by both, formation of as and simultaneous C-par-

titioning.
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