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Abstract. The present paper deals with the influence of the duration of isothermal spheroidization
annealing on the evolution of pearlite bands in various initial states. In this study, two initial
conditions of the steel 16MnCrS5 are considered: a) industrially hot-rolled pearlite structures in
their ferritic matrix and b) a specifically adjusted microstructure in the lab condition. Based on the
experimental investigations and quantitative microstructural analyses, an empirical model for the
prediction of pearlite banding within a broad range of annealing durations could be derived. Both,
experiment and model, agree that pronounced pearlite bands in the initial state almost disappear
after 25 h of spheroidization annealing. On the other hand, a marginal degree of pearlite banding in
the initial state increases slightly during annealing. This fact could be explained by inhomogeneous
cementite formation inside and outside the primary segregation regions of manganese.

Introduction

As-rolled steels often exhibit an inhomogeneous microstructure in terms of pearlite banding
owing to primary segregations. The represent chemical inhomogeneities at the micro- and
macroscale which may arise during directional solidification due to the accumulation and depletion
of alloying elements in the unsolidified region. Segregations arrange during crystallization and
severely deform by subsequent hot forging to a semi-finished part. They affect the formation of the
microstructure through both, the local changes of transformation temperatures and the shift of the
excess carbon by cooling from the transformation front into the untransformed austenitic regions.
The result is pearlite banding [1].

Various disadvantages of pronounced pearlite banding for the further processing of semi-finished
parts are reported in literature: In general, it is believed that the deformation of the anisotropic
microstructure can lead to premature material failure due to localized stress peaks [2, 3]. In addition,
there is a risk of subsequent failure by hardening, or of distortion in the case of non-heat treated
parts [4]. A reduced fatigue strength and toughness of the finished product are further negative
consequences of pronounced pearlite banding [5].

State of the art for producing high strength cold formed parts includes heat treatment (tempering
or annealing) of carbon steels and low-alloyed carbon steels. In order to enable a sufficient tool life
the wire materials is subjected to spheroidization annealing (annealing to spherical cementite)
before cold forming. It is known that low cooling rates within the transformation temperature range
provoke pearlite/carbide banding or increase its severity [6]. The literature analysis reveals some
evidence in favor of this hypothesis, although there are no comprehensible findings on the origin or
development of pearlite banding during spheroidization annealing.

For this reason, the present study aims to quantify the effect of spheroidization annealing on the
various degrees of pearlite banding in as-rolled steel.

This article is an open access article under the terms and conditions of the Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0)


https://doi.org/10.4028/www.scientific.net/MSF.949.40

Materials Science Forum Vol. 949 41

Material and Methods

The investigated material was a grade 16MnCrS5 steel delivered as a hot-rolled wire rod with
diameter 11.0 mm. Its chemical composition is shown in Table 1.

Table 1: Chemical composition of the investigated steel in wt.%

C |si |Mn|P |S |Cr |[Mo |Ni [N JAl [Cu |
0.19 | 0.18 | 1.25 ] 0.010 | 0.028 | 1.07 | 0.008 | 0.03 | 0.012 | 0.02 | 0.02 |

The determination of the phase transformation temperatures was carried out by means of a
quenching and forming dilatometer BAHR DIL 805 A/D (Figure 1). In this process, samples with
dimensions of ¥4x7 mm were heated with the rate of 2 K/min up to 1000 °C, held there for one
minute and then cooled down to room temperature with the same rate. The determined phase
transformation temperatures of the steel are shown in Table 2.

Table 2: Phase transformation temperatures of the investigated steel in °C

Acip ‘ Ale‘ Ac; ‘ Arsp ‘ Arp ‘ Al'lf‘
729 | 765 | 840 | 775 | 691 | 666

The adjustment of different types of banded microstructure was carried out on cylindrical
samples with dimensions of @5x10 mm using BAHR DIL 805 A/D. The samples were machined
directly from the hot-rolled wire rod. The forming and cooling parameters used in the dilatometry
experiments are shown in Figure 2. Cooling rates above 2 K/s are known to lead to bainite
formation and, therefore, were not applied.
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Figure 1: Quenching and forming Figure 2: Designed testing deformation-temperature
dilatometer BAHR DIL 805 A/D profile for adjustment of various pearlite
banding in the dilatometer

The specimens prepared in the dilatometer with four different types of the banded microstructure
as well as the wire rod in the initial state were annealed to achieve spheroidized cementite. The
spheroidization annealing was performed in an air circulating furnace at a constant specimen
temperature of 735°C for 8 and 20 hours. The heating rate up to the isothermal annealing
temperature was 0.3 K/s, while the cooling from this temperature down to approximately 400°C was
0.5 K/s. The temperature development in the specimens during the heat treatment was measured
using thermocouples. This procedure ensured that the specimen temperature never exceeded 735°C.

Subsequently, a selection of specimens was subjected to light microscopy investigation. The
ground and polished surfaces were etched using 5% Nital solution. The micrographs were taken in
the core area of the wire rod at a magnification of 200x.
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The quantification of the microstructure is based on digital image processing and requires the
recognition of the ferrite and pearlite grains (see Figure 3) before evaluating the degree of pearlite
banding. To quantify the degree of pearlite band formation the mean gray value of each horizontal
and vertical line across the image was calculated. Along the pearlite bands (in Figure 4 horizontally)
all those mean gray values exhibit a higher standard deviation than perpendicular (here vertical
lines) to the banding. Thus, the ratio of this horizontal standard deviation by the vertical standard
deviation is a measure for the degree of pearlite band formation (see Figure 4, right). The values for
the so defined degree of pearlite banding range from 1 (no pearlite bands) to infinity.

Comparison

Figure 3: Digital recognition of ferrite and pearlite grains
Left: Original Light Microscopy Image

Center: Recognized Phases and Boundaries
Right: Overlay of Light Microscopy Image (left) and Phases and Boundaries (center)
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Figure 4: Quantification of pearlite banding

Results

Figure 5 shows microstructural images of the dilatometry specimens processed with the different
cooling rates (see Figure 2). Here, the pearlite is the dark phase and ferrite the light phase. It occurs
that the pearlite formation changes from banding to random with increasing cooling rate from 0.12
up to 2 K/s. The degrees of pearlite banding for each investigated condition are shown in the
Figure 5. By varying the cooling rate the degrees of pearlite banding could be adjusted in a range
between 1.0 and 3.4.
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Figure 5: Microstructure of the steel before annealing according to different cooling rates

The evolution of pearlite banding with the increasing duration of annealing is shown in Figure 6.
The change in the microstructure of a dilatometry specimen with the cooling rate of 0.12 K/s after 8
and 20 hours of annealing is shown here as example. In addition, the microstructure of an 8-hour
annealed wire rod specimen is represented. It is apparent, that pearlite banding decreases with the
increasing duration of annealing.

Oh; 0.12K/s RD 8h; 0.12K/s 8h; wire rod RD 20h; 0.12K/s

Banding degree = 3.4 Banding degree = 2.3 Banding degree = 1.8 Banding degree = 1.6

Figure 6: Microstructure development during spheroidization annealing with the increasing
duration of annealing

Figure 7 shows the effect of the cooling rate on both the formation of pearlite banding and its
change with two different durations of annealing. Evidently, the relationship between pearlite
banding and cooling rate is hyperbolic in the investigated range of annealing duration. The
correlation coefficient between the experimental results and the approximated hyperbolic function
shows very high values and is 0.98 on average. Furthermore, the evaluation of the pearlite content in
the hot-rolled wire rod in the initial state reveals a similar trend and thus allows the indirect
conclusion about the cooling speed in the Stelmor roller which should be ca. 0.2 K/s according to
Figure 7. It can be seen that the decreasing of pearlite banding degree increase the time of cooling.
However, because this increasing is not significantly this fact does not influence the production
process.
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Figure 7: Relationship between the cooling rate and degree of pearlite banding for specimens
before and after spheroidization annealing

Discussion

Degrees of pearlite banding determined on the basis of three annealing durations (0, 8 and 20h) and
their hyperbolic relationship with the cooling rate enable interpolation and extrapolation within a
wider range of the annealing times. For this purpose, it is convenient to formulate a linear
correlation between the annealing time and the exponent of the correlation equations from Figure 7.
The coefficient of determination for this linear correlation is approximately 0.85 and can be
assumed to be sufficiently accurate for practical calculations (Figure 8). Based on this assumption,
the dependency of pearlite banding on the cooling rate for the annealing time between 2h and 25h
was recalculated. Figure 8 shows that no further change of pearlite banding is expected after
25 hours of annealing.



Materials Science Forum Vol. 949 45

4
Annealing time [h]
oh 0 5 10 15 20 25
3.5 4 0 . : : : )
g J12h o
4h £ 02
— 6h :
5 2.5 %k g 03 y=0.0144x - 0.3778
o 10h, = R2=0.8493
Y
J15h
o 2
=T
= 20!
S 1.5 425k
=
2
- 1
0.5 -
O T 1 T T T T
0 0.5 | 1.5 2 2.5 3 3.5

Cooling rate [K/s]

Figure 8: Relationship between the cooling rate and pearlite banding degree with the increasing
annealing time

Concluding on the numerical results shown in Figure 8 and the dependency of pearlite banding
on the annealing time (Figure 9), it occurs that an increasing duration of annealing leads to
exponential change of pearlite banding. While higher degrees of pearlite banding (in the initial
states with the cooling rates 0.12 K/s and 0.5 K/s) decrease, the low degrees of pearlite banding (in
the initial state with the cooling rate of 2 K/s) increase. The reason for such behavior can be
explained by the inhomogeneous formation of cementite within and out of the primary manganese
segregation regions.

In fact, it is well known, that the primary segregation of alloying elements affects the
temperatures of y-o-transformation Ars, Ar; and Acs, Aci. For example, manganese leads to a
lowering of the Arz and Ar; temperatures, namely by about 80 K per percent enrichment at cooling
rates of 1 to 3 K/s, where banded pearlite is formed [7, 8]. Local microstructure regions with higher
content of alloying elements have lower Ars-temperature. This accelerates cementite spheroidization
in the regions with higher concentration of alloying elements.
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Figure 9: Relationship between the annealing time and pearlite banding degree

The obtained results as well as the conclusions will be deepened in further investigations and
validated on other steel grades.

Summary

The following conclusions can be drawn from this study:

1. Pearlite banding could be adjusted for the investigated steel 16MnCrSS5 in a range between 1.1
and 3.5.

2. The approach applied for the evaluation of pearlite banding showed representative and
reproducible results.

3. The relationship between the degree of pearlite banding and the cooling rate is of the
hyperbolic type.

4. The increasing duration of isothermal spheroidization annealing led to the exponential
decrease of initially pronounced pearlite banding, while initially weak pearlite banding increased.

5. The results obtained for the dilatometry specimens and industry related material showed a very
good agreement.
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