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During solidification, the peritectic reaction can occur in a wide range of materials, including
ferrous and non-ferrous alloys. The kinetic and thermodynamic principles that govern the
peritectic reaction in regard to solute diffusion and phase transformation are well understood,
and the negative impact that the peritectic reaction has on the surface quality of as-cast steel
products is well documented. In ferroalloys, the peritectic reaction occurs between the
hypoperitectic (0.09 pct C) and hyperperitectic (0.53 pct C) regions of the iron-carbon phase
diagram. Beside the carbon content, the magnitude of the peritectic reaction in a given steel is
affected by the contents of other solute elements. However, our understanding of the effect of all
dissolved elements on the peritectic reaction is still evolving. There are over a dozen equations
that have been proposed for predicting the peritectic nature of steels. Some of these equations
were developed for application to specific groups of steels, chemistries, and casting conditions.
In this paper, the predictive power of four peritectic equations is compared to the results from
thermal analysis experiments conducted on steels with varying concentrations of dissolved
elements. Based on the thermal analysis results, an equation is proposed for calculating the

latent heat of the peritectic reaction for a given solute element.
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I. INTRODUCTION

DURING solidification, the peritectic reaction can
occur in a wide variety of materials, including ferrous
and non-ferrous alloys.!" % The term peritectic reaction
is derived from the fact that during solidification a
secondary phase grows peripherally on the primary
phase. This distinct solidification phenomenon occurs at
certain composition ranges where both the primary and
secondary phases coexist for some time. The difference
between the thermal coefficient of contraction of the
primary and secondary phases makes peritectic steels
challenging to cast. In Fe-C alloys, the peritectic
reaction occurs over a carbon range of 0.09 to
0.53 pct.l'"'? These two extreme ends of the peritectic
range are referred to as the hypoperitectic and hyper-
peritectic points, respectively. However, peritectic
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reactions are described by some researchers as occurring
mostly between a tighter range of carbon contents, for
example, 0.080 to 0.180 pct. The hypoperitectic and
hyperperitectic points for given steel will change
depending on the concentrations of other dissolved
solute elements. In the ““peritectic” range, once a certain
temperature is reached, part of the primary phase (delta
ferrite) that precipitated from the liquid reacts with the
residual melt to form a secondary phase (austenite). The
austenite precipitates around the remaining delta ferrite,
preventing its access to the remaining liquid. The
austenite then begins to grow inward into the delta
ferrite and outward into the liquid. The transformation
to austenite takes some time to finish and hence, the
peritectic reaction itself refers to the initial precipitation
of austenite on the periphery of the delta ferrite. The
gradual transformation of delta ferrite to austenite at
lower temperatures is referred to as a peritectic
transformation.!'¥) The peritectic reaction and trans-
formation during solidification are illustrated in
Figure 1.1'*1%1 1t should be noted that in certain cases,
the secondary phase, austenite, may nucleate in the
liquid in lieu of on existing primary phase, delta ferrite.

Due to the tighter atomic packing of the austenite
(FCC structure) compared to the delta ferrite (BCC
structure) during the peritectic reaction, the volume of
austenite contracts more than the delta ferrite.!'”? This
difference in the thermal contraction of the two phases
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makes peritectic steel prone to cracking, particularly
longitudinal cracking during solidification."® As a
result, some steelmakers attempt to avoid casting
peritectic steels, and others take steps to avoid peritec-
tic-related defects in the as-cast product. These measures
include chemistry modifications, casting at slower
speeds, application of mold powder with moderate heat
transfer rate, maintaining moderate superheat, and
ensuring an optimal flow pattern in the mold. Hence,
it is important for steelmakers to understand how
different alloying elements affect the peritectic reaction.
This will ensure that adequate measures can be taken
during casting to minimize the impact on the surface
quality of as-cast products.

Peritectic transfomation

v v v

Heat extraction direction

Fig. 1-—Mechanism of peritectic solidification (Reprinted from Ref.
[15], with permission).
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Various methods have been employed to study the
peritectic reaction, including simulation and model-
S [14-16,19-23] o o SPEY
ing, and in-situ observation of the peritectic
reaction during solidification in a confocal laser scan-
ning microscope.?* ?”! In addition, over a dozen equa-
tions have been proposed for determining peritectic
behavior in Fe-C systems. The first sets of equations
proposed for the peritectic prediction were those of
Ishida et al %" and Yasumoto et alB%3? These
equations only considered the effects of C, Mn, Si, and
S. Subsequent equations for peritectic indexing included
the effects of more solute elements.** In this paper, the
equations proposed by Kagawa and Okamoto,*
Wolf,'?! Blazek er al.,”>! and Abraham®® are used to
determine the peritectic nature of steel of different
chemistries. The predictive power of these equations is
compared to the results of thermal analysis experiments
conducted according to the procedure employed in the
work of Carlsson and Callmer,?”" and others.[!>3%%]
Two steel grades, one peritectic and the other non-peri-
tectic, were chosen for the study. The steel grades used
in this study have carbon contents ranging from 0.05 to
0.17 pct. In addition to C, the effects of Si, Cr, and Mo
on the peritectic reaction were investigated.

II. EXPERIMENTAL

The thermal analysis experimental set-up, which is
shown in Figure 2 left, comprises of a high-frequency
induction furnace with a data logging system. The
crucible is densely sintered alumina in which a 0.080 kg

Thermocouple

Aloy Addtion

Crucible with Sample and Lid

NS

Fig. 2—Schematic diagram of experimental set-up (left) and schematic diagram of specimens and locations for thermocouple and alloy addition

(right).
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sample was placed. The sample was kept relatively small
in order to eliminate the effect of a thermal gradient on
the liquidus and solidus temperatures.

The crucible was located in the center of a graphite
cylinder heated by an induction coil. The furnace
temperature was measured using a l-mm-diameter
alumina-shielded-type S thermocouple inserted along
the induction field lines to minimize any interference
from the magnetic field. The temperature measured in
the graphite ring was also the temperature used to
control the furnace via a Proportional-Integral-Deriva-
tive (PID) regulator. Another recording thermocouple
was placed in the crucible to measure the sample
temperature. This set-up makes the sample passive and
enables an estimation of heat evolution based on the
temperature difference between the sample and the
crucible. The whole set-up was enclosed in a quartz tube
flushed with argon as a protective atmosphere. At any
time during the experiment, the dropout door could be
opened and the sample quenched in a bucket of water
located under the furnace chamber. Both the sample and
the furnace temperatures were logged at 10 Hz (10
measurements per second) together with the set temper-
ature, runtime, and power of the induction generator as
a function of time. The capacity of the induction
generator is 20 kW, but only a small fraction of the
power was used during the experiments.

Since the samples must be melted first before cooling
to the point of peritectic reaction, alloying elements were
added to the samples in order to study the effects of
varying concentrations of elements on the peritectic
reaction. The amounts of alloying elements that were
added to achieve the required concentrations were
calculated using a mass balance analysis. Alloying
elements were added into a hole drilled in the sample,

as shown in Figure 2 right. The samples were
40-mm-long cylinders, 25 mm in diameter. The compo-
sition of the sample was varied using the four cited
peritectic equations as a guideline. The concentrations
of elements in the samples were verified after thermal
analysis by performing chemical analysis using OES
(optical emission spectroscopy) and Leco (combustion
infrared) instruments. Leco instruments were used to
analyze N, S, and C contents, while the balance of the
elements were determined using the OES technique.

Cooling rates of 0.1 and 1.5 °C/s were investigated
during solidification of each sample and duplicate
thermal analysis experiments were conducted per sample
per cooling rate. The error in cooling rate calculation
was approximately + 0.001 °C/s.

III. RESULTS AND ANALYSIS

The work of Carlsson and Callmer®”! clearly describes

the basic principles for identifying critical events using
the temperature-time curve during solidification of steel
as illustrated in Figure 3. The furnace and the molten
sample are subjected to a constant cooling rate, but
when the sample starts to solidify, the latent heat
liberated decreases the cooling rate of the sample. In
addition, since all reactions and transformations during
the solidification process are accompanied by latent
heat, the cooling rate of the sample decreases during
each of these events. Hence, the derivative of the sample
temperature vs time curve (d7/df) provides useful
information with respect to the occurrence of each of
these events. This approach was employed to determine
the start and end of the peritectic reaction for the steels
investigated. The height of the peak of the d77/d¢ vs time
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4-Maximum reactionrate for secondary phase precipitation
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Sample Temperature

Cooline Rate

Sample Cooling Rate

= = =Furnace Temperature

Time

B —

Fig. 3—Hypothetical temperature-time curve during solidification of peritectic steel.
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curve at the time of the peritectic reaction represents the
maximum reaction rate and is indicative of the magni-
tude of the peritectic reaction.

However, the primary data from the thermocouple
signal based on the data logger were affected by
interference from the magnetic field in addition to
normal random variations of a thermocouple signal.
This interference needed to be removed in order to
evaluate the cooling rate in the form of the derivative of
the temperature with respect to time. The technique
chosen was a floating average calculated as

N+1 4o

where N is an arbitrary but sufficiently large number to
achieve the necessary curve smoothing (for 1.5 °C/s it
was about 20, and for 0.1 °C/s it was about 50).

The chemistries of the samples used in the experi-
ments are shown in Table 1. In Table I, NP is non-peri-
tectic; while P is peritectic; “+”° means increased
content and ““—"" means decreased content.

A. Peritectic Steel vs Non-peritectic Steel

A summary of peritectic calculations for the peritectic
and non-peritectic steels used in this study is provided in
Table II. All of the peritectic equations are in agreement
with respect to the peritectic nature of the two steels.
For the pertitectic steel, the carbon content is well within
the peritectic ranges per both Kagawa and Okamoto’s
and Blazek et al.” s equations. According to Wolf’s and
Abraham’s equations, the steel is within the peritectic
ranges based on the ferrite potential index and peritectic

potential index, respectively. For the non-peritectic steel,
all of the equations predict that the chemistry is
non-peritectic. The carbon content is well outside the
peritectic range per the Kagawa and Okamoto’s equa-
tions. According to Blazek ez al.” s equations, the carbon
content is just above the upper peritectic value. Accord-
ing to Wolf’s equations, the steel has a ferrite potential
below the lower limit for peritectic steel, and according
to Abraham’s equations, the steel is below the lower
limit of peritectic potential index. Thermal analysis
results show that the peritectic steel exhibited a pro-
nounced peritectic behavior (Figure 4(a)) and the
non-peritectic steel exhibited a very mild peritectic
behavior based on the change in the sample cooling
rate during solidification. In Figures 4(a) and (b), the
furnace temperature curves are provided as examples.
The furnace temperature curves will be excluded from
subsequent figures.

B. Non-peritectic Steel and Its Modifications
to Peritectic Chemistries

1. Thermal analysis of sample NP

Thermal analysis results for NP at cooling rates of 0.1
and 1.5 °C/s are shown in Figures 5(a) and (b). Both
results show only small changes in sample cooling rates,
indicating that the steel is only mildly peritectic.

2. Thermal analysis of sample NP+ Mo

The Mo content of the sample was increased from
0.051 to 0.601 pct. According to predictions by all of the
peritectic equations, the modified chemistry is peritectic
(Table III). Thermal analysis results show that the steel
did exhibit significant pertitectic behavior during

Table I. Chemistries of Samples Used for the Thermal Analysis Experiments, Weight Percent
Sample C Si Mn Cr Ni Mo v Ti Cu
NP 0.169 0.195 0.933 0.204 0.134 0.051 0.022 0.011 0.284
NP + Mo 0.166 0.196 0913 0.202 0.130 0.601 0.022 0.011 0.277
NP + Si 0.177 0.508 0.929 0.204 0.131 0.047 0.022 0.012 0.280
NP + Cr 0.163 0.196 0.929 0.805 0.131 0.047 0.023 0.010 0.278
P 0.130 0.343 1.209 0.267 0.089 0.156 0.032 0.014 0.192
P + Mo 0.126 0.324 1.177 0.258 0.087 1.883 0.032 0.013 0.189
P - Si 0.130 0.012 1.242 0.261 0.108 0.156 0.027 0.010 0.193
P - Cr 0.127 0.319 1.210 0.019 0.108 0.154 0.027 0.007 0.191
P-Si-Cr 0.117 0.093 1.082 0.106 0.101 0.049 0.024 0.005 0.178
Table II. Peritectic Calculations for Samples P and NP
Kagawa and Okamoto Blazek et al. Wolf Abraham

Peritectic Peritectic =~ Ferrite Poten-  Peritectic ~ Peritectic Poten-  Peritectic
Sample C Range (Pct) (Y/N) C Range (Pct) (Y/N) tial Index (Y/N) tial Index (Y/N)
P 0.098 to 0.198 Y 0.064 to 0.161 Y 0.95 Y 87 Y
NP 0.080 to 0.154 N 0.067 to 0.164 N 0.80 N 62 N
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solidification based on the change in sample cooling rate
(Figures 6(a) and (b)).

3. Thermal analysis of sample NP+ Si

The chemistry of the sample was changed by increas-
ing its Si content from 0.195 to 0.508 pct. All of the
peritectic equations, except those of Blazek et al., show
that the steel is peritectic (Table IV). Thermal analysis
results show that the steel exhibited peritectic behavior
based on the change in sample cooling rate (Figures 7(a)
and (b)).

4. Thermal analysis of sample NP + Cr

The chemistry of the sample was changed by increas-
ing its Cr content from 0.20 to 0.80 pct. According to
the predictions by all of the peritectic equations, the
addition of Cr to the steel makes the steel peritectic
(Table V). Thermal analysis results show that the steel
indeed exhibited a significant peritectic behavior during
solidification based on the change in sample cooling rate
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Fig. 4—Thermal analysis results at cooling rate of 0.1 °C/s: (a) P sample and (b) NP sample.
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Fig. 5—Thermal analysis results of NP sample: (a) cooling rate: 0.1
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of the samples (Figures 8(a) and (b)). The two thermal
analysis experiments conducted at a cooling rate of
0.1 °C/s show a significant change in sample cooling
rate, while one of the two experiments at a cooling of
1.5 °C/s shows a significant change in sample cooling
rate compared to the sample with lower Cr content. The
smaller change in sample cooling rate for the second
sample at 1.5 °C/s could be a result of poor contact of
the sample with the thermocouple.

C. Peritectic Steel and Its Modifications
to Non-peritectic Chemistries

1. Thermal analysis of sample P

Thermal analysis results on the P sample at cooling
rates of 0.1 and 1.5 °C/s show that the steel exhibits
strong peritectic behavior during solidification based on
the change in the sample cooling rate (Figures 9(a) and
(b)). This is in agreement with the predictions by all of
the peritectic equations as shown in Table IT above.

°C/s and (b) cooling rate: 1.5 °C/s.
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Table II1.

Peritectic Calculations for Sample NP + Mo

Kagawa and Okamoto Blazek et al. Wolf Abraham
Peritectic Peritectic ~ Ferrite Poten-  Peritectic  Peritectic Poten-  Peritectic
Sample C Range (Pct) (Y/N) C Range (Pct) (Y/N) tial Index (Y/N) tial Index (Y/N)
NP + Mo 0.092 to 0.183 Y 0.074 to 0.183 Y 0.95 Y 94 Y
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Fig. 6—Thermal analysis results of NP + Mo sample: (a) cooling rate: 0.1 °C/s and () cooling rate: 1.5 °C/s.
Table IV. Peritectic Calculations for Sample NP + Si
Kagawa and Okamoto Blazek et al. Wolf Abraham
Peritectic Peritectic ~ Ferrite Poten-  Peritectic  Peritectic Poten-  Peritectic
Sample  C Range (Pct) (Y/N) C Range (Pct) (Y/N) tial Index (Y/N) tial Index (Y/N)
NP + Si 0.105 to 0.224 Y 0.065 to 0.161 N 0.89 Y 91 Y
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Fig. 7—Thermal analysis results of NP + Si sample: (a) cooling rate: 0.1 °C/s and () cooling rate: 1.5 °C/s.
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Table V. Peritectic Calculations for Sample NP + Cr

Kagawa and Okamoto Blazek et al. Wolf Abraham
Peritectic Peritectic  Ferrite Poten-  Peritectic  Peritectic Poten-  Peritectic
Sample C Range (Pct) (Y/N) C Range (Pct) (Y/N) tial Index (Y/N) tial Index (Y/N)
NP + Cr 0.098 to 0.185 Y 0.066 to 0.166 Y 0.88 Y 85 Y
1600 = - i i . ! 20 1600
L1.8
F1e & 1550 7
= i
& 1550 - 14 S © z
o o [
& L1252 = <
£ 10 3 E 1500 g
Z 1500 4 : £ 7 ~
g T Los 2 5 o
=9 = = = =
5 . (06 2 § B
= 1450 Lo4 O = 1450 3
= 02 & B °
g F- g £ =
= I Loo 5 £ £
% 14004 - “\«‘M.,.J s Lo 7% 1400 7
) L-0.4
L-06
1350 . . | ; . , 1350 v . . . -4.0
3000 3200 3400 3600 3800 4000 4200 2600 2650 2700 2750 2800 2850
Time (s) Time (s)
(a) (b)

Fig. 8—Thermal analysis results for NP+ Cr sample: (@) cooling Rate: 0.1 °C/s and (b) cooling rate: 1.5 °C/s.
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Fig. 9—Thermal analysis results of P sample: (a) cooling rate: 0.1 °C/s and (b) cooling rate: 1.5 °C/s.

Table VI. Predictions by Peritectic Equations for Sample P + Mo

Kagawa and Okamoto Blazek et al. Wolf Abraham
Peritectic Peritectic  Ferrite Poten-  Peritectic  Peritectic Poten-  Peritectic
Sample  C Range (Pct) (Y/N) C Range (Pct) (Y/N) tial Index (Y/N) tial Index (Y/N)
P + Mo 0.133 to 0.284 N 0.082 to 0.217 Y 1.38 N 40 N
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2. Thermal analysis of sample P + Mo

The Mo content in the sample was increased from
0.047 to 1.883 pct. All of the peritectic equations, except
that of Blazek et al., predict the steel to be non-peritectic
(Table VI). Kagawa & Okamoto’s equations show that
the carbon content of the steel is below the lower limit of
the peritectic range. The equations by Blazek ef al. show
that the carbon content of the steel is well inside the
peritectic range. Both Wolf’s and Abraham’s equations
show that the steel is significantly outside peritectic
range. Thermal analysis results show that the steel did
exhibit peritectic behavior but to a lesser extent com-
pared to the P sample (Figure 10).
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Fig. 10—Thermal analysis results of P + Mo sample (cooling rate:
1.5 °C/s).
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Fig. 11—Thermal analysis results of P — Si sample (cooling rate:
1.5 °C/s).

3. Thermal analysis of sample P — Si

The Si content in the sample was decreased from
0.343 to 0.012 pct. Predictions by all of the peritectic
equations, except that of Blazek er al., show that the
steel is non-peritectic (Table VII). According to Kagawa
& Okamoto’s equations, the carbon content of the steel
is outside the peritectic range. According to Blazek
et al’ s equations, the carbon content is well within the
peritectic range. According to Wolf’s equations, the
steel’s chemistry is just below the lower peritectic limit,
and according to Abraham’s equations, the steel is
outside the peritectic range. Thermal analysis results
show that the steel did not exhibit an appreciable
peritectic behavior during solidification (Figure 11).

4. Thermal analysis of sample P — Cr

The Cr content in the sample was decreased from
0.267 to 0.019 pct. All of the peritectic equations, except
Abraham’s, show that the modified chemistry is well
within the peritectic range (Table VIII). Abraham’s
equations show that the steel just falls below the lower
peritectic range. Thermal analysis results show that the
steel did not exhibit an appreciable peritectic behavior
during solidification (Figure 12).

5. Thermal analysis of sample P-Cr-Si

The Si and Cr contents were decreased from 0.343 pct
to 0.093 and from 0.267 pct to 0.106 pct, respectively.
The Mo content was maintained at the same level as the
P sample. All of the peritectic equations, except Abra-
ham’s, predict the steel to be peritectic (Table IX). The
equations by Kagawa and Okamoto show the steel’s
carbon content is just slightly below the upper peritectic
range, Blazek et al.” s equations show the carbon content
is well within the peritectic range, Wolf’s equations show
that the steel just falls in the peritectic range, and
Abraham’s equations show the steel is well outside the
peritectic range. Thermal analysis results show the steel
did not exhibit an appreciable peritectic behavior during
solidification (Figure 13).

D. Latent Heat of Peritectic Reaction

The change in latent heat during the peritectic
reaction can be used to assess the effect of a change in
the concentration of a given solute element on the extent
of peritectic reaction. The effects of Mo, Cr, and Si on
the peritectic reaction of NP and P steels are summa-
rized in Figures 14 and 15. To illustrate the magnitude
of the effect of each element on the peritectic reaction,
the thermal analysis curves are overlaid. To quantify the
effect of each element, the difference in the peak cooling

Table VII. Predictions by Peritectic Equations for Sample P — Si

Kagawa and Okamoto Blazek et al. Wolf Abraham
Peritectic Peritectic ~ Ferrite Poten- Peritectic  Peritectic Poten-  Peritectic
Sample C Range (Pct) (Y/N) C Range (Pct) (Y/N) tial Index (Y/N) tial Index (Y/N)
P-Si 0.069 to 0.120 N 0.064 to 0.161 Y 0.82 N 51 N
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Table VIII.

Predictions by Peritectic Equations for Sample P — Cr

Kagawa and Okamoto Blazek et al. Wolf Abraham
Peritectic Peritectic Ferrite Poten-  Peritectic  Peritectic Poten-  Peritectic
Sample C Range (Pct) (Y/N) C Range (Pct) (Y/N) tial Index (Y/N) tial Index (Y/N)
P-Cr 0.087 to 0.177 Y 0.063 to 0.158 Y 0.91 Y 74 N
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Fig. 12—Thermal analysis results of P — Cr sample (cooling rate:
1.5 °CJs).

rate curve at the peritectic reaction between the base
steel and the modified chemistry is used. Therefore, the
latent heat of the peritectic reaction can be expressed as
follows:

A]_Ip = C/FEMS(AT(,'rm - ATcri)a [2]

where AH, is heat of the peritectic reaction in kJ, Cjz, is
specific heat capacity of iron in the liquid state, M is the
mass of the sample in kg, AT, is change in sample
cooling rate of the modified chemistry, and AT,,; is the
change in sample cooling rate of the NP or P sample . If
AH), is positive it means the element increases the
peritectic nature of the steel, and if it is negative the
element decreases the peritectic nature of the steel.

If expressed per mole, the latent heat takes the form

AI—Ipmol = IOOC.YF(’ WG(ATcrm - ATcri)AXPlv [3]

where AH ., is the heat of the peritectic reaction per
atom, W, is atomic weight of element in kg, and AX is
the change in the concentration of solute element in pct.

The values of AH,,,, for Mo, Si, and Cr for the two
steel grades investigated in this study are given in

Fig. 13—Thermal analysis results of P-Cr-Si sample (cooling rate:
1.5 °C/s).
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Fig. 14—Comparison of the effect of Si, Cr, and Mo on the
peritectic behavior of NP steel (cooling rate: 1.5 °C/s).

Table X. It can be seen that increasing the Mo, or
decreasing the Si and Cr contents in the P sample,
weaken the peritectic reaction. In the NP sample,

Table IX. Predictions by Peritectic Equations for Sample P-Cr-Si

Kagawa and Okamoto Blazek et al. Wolf Abraham
Peritectic Peritectic =~ Ferrite Poten-  Peritectic ~ Peritectic Poten-  Peritectic
Sample C Range (Pct) (Y/N) C Range (Pct) (Y/N) tial Index (Y/N) tial Index (Y/N)
P-Si-Cr  0.073 to 0.132 Y 0.065 to 0.161 Y 0.85 Y 39 N
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Fig. 15—Comparison of the effect of Si, Cr, and Mo on peritectic
behavior of P steel (cooling rate: 1.5 °C/s).

Table X. Latent Heat of Peritectic Reaction

Sample Type AT, ATen AHp,, *Peritectic Behavior

Non-peritectic  0.297 N
Increased Mo 1.629 19.183 E
Increased Si 1.098 5.778 E
Increased Cr 1.917 10.065 E
Peritectic 1.125 P
Increased Mo 0.792 — 1.545 D
Decreased Si 0.207 — 3.466 D
Decreased Cr 0.279 — 7.953 D

* P peritectic, N non-peritectic, D diminished peritectic, E enhanced
peritectic.

increasing the Mo, Si, and Cr contents, enhances the
peritectic reaction. Note that the values of AH,,,, given
in Table XI for these elements are only for the two base
steel grades investigated in this study. Different values
are expected for other steel compositions.

E. Thermal Analysis of Low-Carbon Peritectic Steel
with Varying Si Content

It is well known in the steel industry that the Si
content can affect the peritectic reaction during casting.
This is based on the as-cast product surface quality and
mold level behavior during casting. Kagawa and
Okamoto’s equations show a strong effect of Si on the
peritectic reaction. In contrast, Blazek et al.” s equations
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Fig. 16—Thermal analysis results of P steel with modified Si content
(cooling rate: 1.5 °C/s).

have a very weak Si effect, probably because the
equations were derived for sheet steel chemistries where
Si contents are typically very low. Wolf’s equations have
a moderate Si effect, and Abraham’s equations have a
very strong Si effect. To further understand the role of Si
on the peritectic reaction, thermal analysis experiments
were conducted to study the effect of Si on the peritectic
behavior of a low-carbon (0.05 pct C) steel by varying
its silicon content from 0.15 to 0.33 pct. The results of
the thermal analyses and noisy thermocouple readings
show that the solidification of the steel was extremely
unstable. During the peritectic reaction, the latent heat
increased with increased Si content as shown in
Figure 16. Peritectic calculations wusing Abraham’s
equations predict the steel to be peritectic, and becoming
increasingly peritectic as the Si content increases from
0.15 pct to 0.33 pct. Predictions by Wolf’s equations
show that the steel is peritectic, also becoming increas-
ingly peritectic until the Si content is 0.25 pct. However,
at higher Si contents, the steel falls out of the peritectic
range. Predictions by Kagawa and Okamoto’s equations
show that the steel is non-peritectic and with increasing
Si content the steel increasingly becomes non-peritectic.
Predictions by Blazek ef al.’ s equations show the steel to
be only about 0.005 pct C below the lower limit of the
peritectic range. With increasing Si content, the steel
remains non-peritectic, but the lower carbon limit of the
peritectic range gradually decreases. Industrial experi-
ence shows that the incidence of surface defects for this
grade increases with increasing Si content. The rate of
surface defects in as-cast slabs of this steel correlates
fairly well with the peritectic potential index proposed

Table XI. Solid Volume Fraction During Peritectic Reaction at Cooling Rate of 1.5 °C/s

Liquidus Temperature  Peritectic Start Temperature  Solidus Temperature — # K (kg/s'?) tperi
Sample O O O (s) X102 () feo
P 1524 1468 1428 64.0 1.00 37.3  0.76
P+ Cr 1527 1486 1438 59.3 1.04 273  0.68
P + Si 1533 1490 1446 58.0 1.05 28.7 0.70
P + Mo 1524 1455 1400 82.7 0.88 46.0 0.75
P-Si-Cr 1532 1494 1447 56.7 1.06 25.3  0.67
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Fig. 17—Correlation of surface defect rate in as-cast slabs to
peritectic potential index.

by Abraham as depicted in Figure 17.0% Overall, as
shown in this paper, all of the peritectic equations are
capable of determining the peritectic nature of Fe-C
steel, albeit with varying degree of strength. Therefore, it
is important to not rely on just one equation when
studying the peritectic behavior of steel.

IV. DISCUSSION

Considering the influence of alloying elements, it can
be surmised that the solidification path of most steel
grades with carbon contents of up to 0.53 pct passes
through the peritectic region as demonstrated by pseudo
Fe-C phase diagrams.***"! However, the intensity of the
peritectic reaction varies depending on where the carbon
content of the steel is in relation to the carbon range for
the peritectic reaction. In addition, the intensity of the
peritectic reaction is also affected by casting conditions.
Griesser et al*”! demonstrated the impact of nucleation
undercooling on the mechanism and kinetics of the
peritectic phase transition in steel. Their results show
that higher cooling rates result in higher undercooling,
which in turn increases the driving forces for the
peritectic reaction and peritectic transformation. A
similar effect of undercooling on the rate of peritectic
reaction and solidification structure has been reported
by others.'®>>*!1 Therefore, the peritectic reaction in
steel with mild peritectic behavior under normal casting
conditions should intensify when undercooled.

The peritectic reaction can be written according to
Eq. [4].

lw + 5y - lx + 52 + 7 [4]

where / is liquid, o is delta ferrite, and y is austenite.
Note that the subscripts are intended to indicate
different quantity of the phases (/,, >/, and 6, > ¢.).
From the observations by Griesser et al., and Eq. [4],
it can be seen that the intensity of the peritectic reaction
depends on the proportions of liquid and delta ferrite at

METALLURGICAL AND MATERIALS TRANSACTIONS A

the time of the reaction. If there is no appreciable liquid
or delta ferrite, the magnitude of the peritectic reaction
will be small and its impact on the quality of the cast
product should be negligible. Thus, the magnitude of the
peritectic reaction in a given steel depends on the relative
position of the steel between the hypoperitectic and
hyperperitectic points of the Fe-C diagram.

From the experiments conducted in this study, the
liquidus temperatures, peritectic start temperatures, and
solidus temperatures were determined for the P and NP
samples. The results are summarized in Tables XI, XII,
and XIII. Based on the determined temperatures and the
cooling rates, the time required for complete solidifica-
tion (t,) and the elapsed time before the start of
peritectic reaction (f,ei) can be calculated using the
solidification equation (Eq. [5]).

S =Kr'?, [5]

where S is shell thickness, K is solidification constant,
and 7 is time.

By replacing S with M (mass of steel that solidifies),
Eq. [5] takes the form of Eq. [6].

M = Ki'/? [6]

From the difference between the liquidus and solidus
temperatures, f,, can be calculated for 0.080 kg samples
used in the experiments. Since M and ¢ are known, K can
be determined. With the value of K known, #p.i can be
determined from the difference between the liquidus and
peritectic start temperatures. This analysis further
makes it possible to determine solid fraction (f;,) at
the time of peritectic reaction. The f,, represents the
amount of delta ferrite that transformed from the liquid
at the time of the peritectic reaction. Hence, the
differences between f;,; of the P or NP and their
modified chemistries can be used to describe delta ferrite
stability and perhaps the intensity of the peritectic
reaction. If the modified chemistry has a larger f, it
implies that the modified alloy will undergo a more
pronounced peritectic reaction compared to the base
alloy. The difference in the f;, between the modified and
unmodified alloy is correlated to the change in latent
heat per mole of added elements (AH,,,) as shown in
Figures 18(a) and (b). From these figures, it can be seen
that Cr, Si and Mo decrease the peritectic intensity of
the P sample and increase the peritectic intensity in the
NP sample. As shown in Tables XII and XIII, the
peritectic start temperatures for the samples cooled at
1.5 °C/s are much higher than those cooled at 0.1 °C/s.
The reason for the higher temperatures in the samples
cooled at 1.5 °C/s may be related to recalescence due to
undercooling phenomenon.**

V. CONCLUSIONS

The thermal analysis technique was employed to
study the effect of different elements on the peritectic
nature of steel. The degree to which each element affects
the peritectic behavior of the steel was found to be
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Table XII. Solid Volume Fraction During Peritectic Reaction at Cooling Rate of 0.1 °C/s
Liquidus Temperature Peritectic Start Temperature Solidus Temperature 74 K (kg/s'?) Tperi
Sample O Q®) Q®) (s) X107 () feol
NP 1518 1481 1458 600 0.33 370 0.79
NP + Mo 1513 1458 1452 610 0.32 550  0.95
NP + Cr 1504 1442 1431 730 0.30 620 0.92
NP + Si 1509 1464 1454 550 0.34 450  0.90
Table XIII. Solid Volume Fraction During Peritectic Reaction at Cooling Rate of 1.5 °C/s
Liquidus Temperature Peritectic Start Temperature Solidus Temperature g K (kg/s" tperi
Sample O O O (s) %1072 (s)  fea
NP 1518 1479 1432 57.3 1.06 26 0.67
NP + Mo 1521 1468 1427 62.7 1.01 353 0.75
NP + Cr 1516 1471 1426 60.0 1.03 30.0 0.71
NP + Si 1518 1471 1419 66.0 0.98 31.3  0.69
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Fig. 18—Effect of alloying elements on volume fraction solid and latent heat during peritectic reaction: (a) peritectic steel and its modifications

and (b) non-peritectic steel and its modifications.

proportional to the change in sample cooling rate at the
time of the peritectic reaction. The change in sample
cooling rate was compared to the predictive power of
four peritectic equations. Although there are differences
in the predictions by the equations for the chemistries
investigated, all the equations demonstrate adequate
capability of determining the peritectic nature of the
steel. However, because the individual equations do not
have the same predictive power for all dissolved
elements, it is important to not rely on just one equation
for predicting the peritectic behavior of steel during
alloy development. From the thermal analysis results, an
expression was derived for calculating the heat liberated
during the peritectic reaction based on the change in
sample cooling rate and change in the concentration of a

2270—VOLUME 50A, MAY 2019

given solute element. The change in the heat liberated
during the peritectic reaction due to a change in the
concentration of a given solute element correlates well
with the change in the solid volume fraction at the time
of the reaction.
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