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13 Abstract: Ferrite body is the origin of crack and corrosion initiation of steels. Distribution and
14 density of ferrite in seven steel ingots were examined by light optical microscopy and computational
15 modeling in the study to explore the correlation of ferrite formation to chemical composition and
16 mushy zone temperature in ingot forming. The central segregation phenomenon in ferrite
17 distribution was observed in all the examined steel specimens except 0Cr17Ni4Cu4Nb stainless
18 steel. No significant difference was found in distribution and density of ferrite amongst zones of the
19 surface, ¥2 radius and core in neither riser nor tail of 0Cr17Ni4Cu4Nb ingot. Additionally, fewer
20 ferrite was found in 0Cr17Ni4Cu4Nb compared to other examined steels. The bizarreness of ferrite
21 formation observed in 0Cr17Ni4Cu4NDb elicited a debate on the traditional concepts explicating
22 ferrite formation. Considering the compelling advantage in the mechanical strength, plasticity and
23 corrosion resistance, further investigation on the unusual ferrite forming occurrence in
24 0Cr17Ni4Cu4Nb would help develop steels with improved quality. In summary, we observed that
25 ferrite formation was correlated to mushy zone temperature, Cr:Fe and Cu:Fe ratios. We originally
26 assume that Fe, the major component of steel could play an unrecognized role via proportion to
27 other chemical components in ferrite formation.
28 Keywords: ferrite formation; mushy zone temperature, liquidus and solidus temperature, ingot
29 forming, 0Cr17Ni4Cu4Nb stainless steel
30

31 1. Introduction

32 Typical 0Crl7Ni4Cu4Nb stainless steel is characteristic of low carbon (C) and high chemical
33 elements of chromium (Cr), nickel (Ni) and copper (Cu). The steel is of duplex ferrite-austenite
34 microstructure, and excellent in corrosion resistance and mechanical stability [1]. It is widely used in
35  aerospace, turbine blades, food industry, offshore platforms and synthetic fiber mold manufacturing.
36  However, the thermal plasticity of 0Crl7Ni4Cu4Nb remains to be improved. Cracks often arise in
37  ingot forming and thermal forging process, which limit the service life of 0Crl7Ni4Cu4Nb steel in
38  practice.

39 The service life of duplex ferrite-austenite steel highly de pends on aging factors, such as ferrite
40 formation, chemical composition, thermal history, corrosion, microstructure and texture [2]. Among
41  those factors, ferrite formation plays an essential role in steel aging. Ferrite in a steel leads to the
42 decrease in ductility, toughness and impacts corrosion resistance, thus damage and fracture of steel
43  tissue, and consequently limits its service life [2]. Ferrite is a blend of iron(Fe) and one or more
44 additional metallic elements, such as Cr, C, molybdenum (Mo), and other alloying elements and is
45  commonly formed at high temperature in steel forming, thus it is also called high temperature ferrite.
46  In steel tissue, ferrite is susceptible to thermal hardening that leads to local premature cracking. The
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47  formed cracks eventually become cavities that lead to the final ductile fracture by cavity growth and
48  fusion [3]. Therefore, controlling of ferrite formation is the key technique to improve the mechanical
49  property and prolong the service life of a steel.

50 Ferrite in steel can be divided into equilibrium and non-equilibrium phase ferrite according to
51  the mechanism of ferrite body formation [4]. Ferrite body in the equilibrium state is mainly
52 determined by the chemical composition of the steel. The increase of ferrite element contents, such as
53 Cr, Mo, vanadium (V) and Silicon (Si) in steel tissue, can promote the formation of ferrite. The ferrite
54 body, once formed, is difficult to be removed by subsequent thermal treatment. The ferrite in non-
55  equilibrium state is generally formed at high temperature, which indeed is part of the steel tissue not
56  yettransited into austenite in supercooling processes. The ferrite formed in non-equilibrium state can
57  Dbethermally eliminated in subsequent processes. Ferrite also appears at the time of solidification and
58  heat processing. The temporally different ferrites are various in morphology and distribution.

59 Up to date, the role of Fe, the major chemical component of steel in ferrite formation seems
60  ignored in the main stream of research. Moreover, fewer publication is available, being addressed on
61  ferrite formation in 0Crl7Ni4Cu4ND stainless steel. The current study intends to fill up the research
62  gap by exploring ferrite formation in 0Crl7Ni4Cu4Nb steel to reveal the possible correlation of the
63  ferrite formation to the steel’s compelling advantages of mechanical stability and corrosion resistance.

64 2. Materials and Methods

65 2.1 Computational modeling to predict ferrite forming in correlation with chemical composition and
66  mushy zone temperature of a steel.
67 The thermo-values are obtained by thermos-analytical methods with the generally used

68  empirically based formulas and thermos-dynamical Computherm software. Computational
69  chromium formula EJF = Ec: + Er was taken as the base mathematic equation in this study, combining
70 chemical composition and forging temperature [1] as key simulation parameters. ECr represents
71 chemical components and Er denotes the temperature equivalents. The formula was applied to
72 simulate shrinkage styles of steel forming process (Fig. 4 and 5). Based on the formula developed by
73 Gryc [10] and combination of dynamic thermal measurement of the melting temperature of
74 0Cr17Ni4Cu4ND steel, the liquidus temperature was calculated with the equation 2, that is

75 T =2619 — K-(%C) — 8:(%5i) — 5:(%Mn) — 30-(%P) — 25:(%S) — 1.7-(%Al) — 5-(%Cu) — 1.5-(%Cr) -
76 4-(%Ni) — 2:(%V) = 1-(%W) — 1.7-(%Co) - 12,8-(%Zr) — 7-(%Nb) — 3:(%Ta) — 14-(%Ti) — 14-(%As) -
77 10-(%5Sn) — 1.59-(%Cr) + 0.007-(%Cr)2 (2) [11]
78  where the K coefficient varies with respect to different contents of carbon: C > 2 %; K = 65
79 C<2%; K=88.
80
81 The solidus was determined by equation 3, that is
82 Ts =2619 — [415.5(%C) + 12.3(%Si) + 6.8 (%Mn) + 124.5(%P) + 183.9(%S) +4.3(%Ni) + 1.4(%Cr) +
83 4.1(%Al)] (3) [11]
84
85 The chemical composition of 0Cr17Ni4Cu4Nb, listed in table 1 below, are used as parameters to
86  compute liduidus and solidus values.
87
88 Table 1. 0Cr17Ni4Cu4Nb internal control chemical composition (%)
C Si Mn S P Cr
< < < < < 15.00
0. 055 1.00 0. 50 0. 025 0. 030 16. 00
Ni Cu Al Ti N Nb+Ta
3.80 3.00 < < < 0.15

4.50 3.70 0. 050 0. 050 0. 050 0.35
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90 2.2 Microscopic examination of ferrite morphology, distribution and density of ferrite in different zones
91  and positions of steel ingot.
92 The specimens made of stainless steel were 10 mm polished cylinders with a length of 30 mm.

93 Microstructures of steel sample tissues were examined by light optical microscopy. Slices of steel
94  sample were repeatedly polished to 0.Imm in thickness, then corroded with ferric chloride and
95  hydrochloric acid solution prior to quantify ferrite content in the slices under microscope. The gold
96  phase method was used to determine the region of interest by superimposing the mesh on the image
97  under the metallographic microscope. The number of targets or the total number of test points were
98  divided by the number of grids and the average value was taken as the result. The final results were
99  the average value of the N monitoring field.

100  3.Results
101 3.1. Ferrite formation in steel was associated with mushy zone temperature.

102 The intrinsic liquidus and solidus temperatures of seven steels different in chemical composition
103 were measured and the difference between liquidus and solidus, named mushy zone temperature
104  (Tvi-Ts), were calculated as shown in the Table 2 and Figure 1. The mushy zone temperature gradually
105  decreased in the order of stainless steel 0Crl7Ni4Cu4Nb >P91>H13>42CrMo in correlation with the
106  decrease of Cr and Cu content, while mushy zone is decreased in correspondence to the increase of
107  C content in the all examined steels. Notably, there is an observable difference in mushy zone
108  temperature between P91 and H13 though Fe contents in each of the stainless steels were almost same
109 (89 vs 89.995%), indicating Fe could play an unrecognized role to determine the mushy zone
110 temperature of a steel. Further analyses found that mushy zone temperatures of stainless steels were
111 closely correlated to Cr:Fe and Cu:Fe ratios (Table 2, Fig. 2 & 3). The higher both the ratios were, the
112 higher the mushy zone temperature of a stainless steel in trend. The observation implied that ratios
113 of certain chemical components, such as Cr:Fe and Cu:Fe ratios play a more important role to
114  determine the mushy zone temperature of a stainless steel. The trends were not observed in carbon

115 steels.
116 Table 2. Correlation of mushy zone to chemical composition of steels
C Si Mn v Cr Mo Ai N Nb Ni Cu P S Fe L* S* Ti-Ts

P91 0.08 0.2 0.3 0.18 8 0.9 0 0.03 0.06 0 1.25 0 0 89 1509 1326 183
H13 0.405 1 0.35 1 5.125 1.425 0 0 0 0 0.7 0 0 89.995 1472 1345 127
42CrMo 0.42 0.25 0.7 0.05 1 0.17 0.01 0 0 0 0 0 0 974 1493 1440 53
Low C 0.08 0.08 0.31 0 0.45 0 0 0 0 0 0 0.03 0.05 99 1526 1446 80
Medium C 0.23 0.11 0.63 0 0 0 0 0 0 0.07 0 0.034 0.034 98.892 1516 1430 86
High C 0.8 0.13 0.32 0 0.11 0 0 0 0 0.13 0 0.009 0.009 98.492 1473 1370 103
0Cr17* 0.55 1 0.5 0 16 0.4 0.05  0.05 0.3 4.2 37 0.03 0.02 73.2 1427 1205 222

117 Note: 0Cr17* - 0Crl7Ni4Cu4NDb; L* - liquidum; S* - solidum; Ti-Ts: L* - S*

118

119 The simulated liquidum and solidum temperatures of 0Crl7Ni4Cu4Nb were detrermined by
120 the formula 2 and 3 as listed in Material and Methods. The mushy zone temperature of

121 0Crl7Ni4Cu4ND is higher than that of all other examined steels.

122
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123 Figure 1. The simulated liquidum and solidum temperatures of 0Crl7Ni4Cu4Nb
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125 As shown in Table 3, Cr:Fe and Cu:Fe decreased in correlation to the decrease of mushy zone

126  temperature in correlation coefficient between the dependent variables of mushy zone and Cr:Fe and
127  Cu:Fe ratios.

128 Table 3 Correlation of mushy zone to Cr:Fe, Cu:Fe and Cr:C ratio
Cr:Fe Cu:Fe Cr:C Cu:C To-Ts
0Cr17 0.219 0.051 29 6.73 222
P91 0.090 0.014 100.000 15.625 183
H13 0.057 0.008 12.654 1.728 127
42CrMo 0.010 0.000 2.381 0.000 53
129 Further analysis found that as shown in Figure 2, the ratio of Cr:Fe is closely correlated to mushy

130  zone temperature, based on that the coefficient of determination - squared correlation coefficient R2
131  equals as high as 93.91%. The computational outcome verifies the hypotheses that Cr:Fe ratio, rather
132 the absolute Cr content could play a more important role to determine mushy zone temperature of a
133 stainless steel. A steel with higher Cr:Fe ratio could have a relative higher mushy zone temperature.

134 Figure 2. Correlation of Cr:Fe to mushy zone temperature
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136 As shown in Figure 3. mushy zone temperature was also correlated to Cu:Fe ratio. As squared
137  correlation coefficient R? is as high as 97.19%, the computational model could provide a measure of
138 how well mushy zone temperature are replicated, based on Cu:Fe proportion. A steel with higher
139 Cu:Fe ratio could have higher mushy zone temperature potential.

140 Figure 3. Correlation of Cu:Fe to mushy zone temperature
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143 3.2 Ferrite density and distribution in steel were correlated with mushy zone temperature

144 Shrinkage styles of steel ingot forming were simulated with different mushy zone temperature
145  using Anycasting software. As shown in Figure 4, P91 stainless steel with higher mushy zone
146  temperature was shrunk in “I” style and resulted in a deep ferrite band (labeled as “d”) in the core
147  region from riser to tail of the ingot, while H13, the stainless steel with low mushy zone temperature,
148  was shrunk in “Y” panache and molded a superficial ferrite zone in the central region of riser, not in
149 the tail portion. Almost no ferrite zone was formed in 42CrMo, the stainless steel with the lowest
150  mushy zone temperature.

151 Figure 4. Simulation of style of ferrite formation in stainless steel ingots
152 with different mushy zone temperatures
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154 Ferrite formation correlating to mushy zone temperature was also demonstrated in high carbon
155  steel that is with high mushy zone temperature as shown in Figure 5. A style between “Y” and “I”
156  was developed in high carbon steel, formed a deep and wide ferrite band in the central region. No
157  apparent ferrite bands were developed in low carbon steel that was with low mushy zone
158  temperature.

159 Figure 5. Simulation of style of ferrite formation in carbon steels ingots with

160 different mushy zone temperatures
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162 3.3 Distributions of ferrite in all the examined stainless and carbon steel ingots were complied with the
163 simulated shrinkage style and the central segregation concept, except 0Crl7Ni4Cu4Nb stainless steel. Fewer
164 ferrite was found in 0Crl7Ni4Cu4Nb.

165 Specimens were collected from the seven steel samples for microstructural characterization by
166  light optical microscopy (LOM). The specimens were mounted in planar view to examine the
167  solidification ferrites, which intersected the sample surface. All specimens were polished to slices in
168  0.1-mm thickness in hydrochloric acid solution. Samples taken from the surface region, ¥ radius zone
169  and core region in the riser and tail of stainless steel ingots were examined under LOM metallurgic
170  microscope.

171 Figure 6. Distribution, density and morphology of ferrite in riser of steel ingots

172


http://dx.doi.org/10.20944/preprints201808.0063.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 August 2018 d0i:10.20944/preprints201808.0063.v1

7 of 16

173 As shown in Figure 6, photo “a” represented the steel tissue in surface zone of ingot riser.
174  Obviously, ferrite content (uneven coarse black banded strips that red arrow lines point on) in the
175  zone is much less than that in the ¥ radius zone (Photo “b” and “c”) and the core region (Photo “d”)
176  of the ingot. Ferrites in the central region (the labeled “d” region of P91 on Figure 4 as an example)
177  presented as continuous coarse black banded strips with the increased density. The observed surface
178  area was adjusted to the standard of metallographic determination of area content of alpha phase in
179  GB/T13305-2008 austenitic stainless steel. The adjusted ferrite contents in five different fields were
180  averaged and summarized.

181 Using the same method, the distribution and density of ferrite at surface and the vertical zones
182  were prudently examined in riser and tail of three 0Cr17Ni4Cu4Nb ingots. Notably, as shown in Table
183 3, the density of ferrite in all the examined radius regions in riser and tail was less than 5%, showing
184  no statistically significant difference relevant to the distribution in the tested 0Cr17Ni4Cu4NDb steel
185  samples.

186 Table 4. Ferrite content detected in 0Cr17Ni4Cu4NDb steel material
ingot o ferrite o ferrite
position part position part
number % %
The outer A The outer 3
wall wall
Ingot
15121 riser 1/2 8 1/2
. 3 tail . 2
radius radius
core 1 core 5
The outer 5 The outer A
wall wall
Ingot
25266 riser 1/2 8 1/2
. 3 tail . 3
radius radius
core 4 core 4
The outer A The outer A
wall wall
Ingot
95269 riser 1/2 8 1/2
. 5 tail . 4
radius radius
core 5 core 5
GB/T8732 - - <10 - - <10

187 3.4 The simulated ferrite formation was in accordance with the experimental results that mushy zone
188 temperature governs ferrite formation in steel ingot

189 As shown in Figure 7, simulated with Formula 1, the vertical section for Fe-C-Cr phase diagram
190  with 0.05%C shifted to the biphasic zone of high temperature ferrite and austenite when Cr content
191  was set up at a high range as 17% and a high heating temperature at 1200 °C. The simulation result
192 was complied with the established conclusion that high Cr (relevant to higher Cr:C and Cr:Fe ratios)
193  and temperature promote ferrite formation.

194 Ferrite formation in corresponding to temperature was estimated by Formula (1). That is
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Er=[T ('C) -1150]/80 (1

Figure 7. Vertical section diagram of Fe-C-Cr phase diagram with 0.05%C
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4. Discussion

Ferrite is the origin of crack initiation and corrosion commencement of steels [5]. Theoretically,
minimizing of ferrite formation and thickening of ferrite-free surface zone are potential measures to
improve the mechanical stability and corrosion resistance of a steel. Thus, it is necessary to
understand the mechanism of ferrite formation and distribution in the process of steel forming.

The current study investigated the correlation of ferrite formation to chemical composition and
mushy zone temperature (the difference between solidus and liquidus temperatures Ti-Ts). Ferrite is
generally formed at high temperature [5]. At the beginning of ingot forming, the L to Delta
transformation occurs first, then followed by the peritectic transformation to form austenite Gamma.
Ferrite is often nucleated and grown up in the material when the processing temperature reaches
Delta and Gamma phase or Delta single-phase region. It could be retained in the tissue if the formed
ferrite was not completely transformed into austenite gamma when cooling [13]. As shown in Figure
6, the morphology, density and distribution pattern of ferrite in stainless steel P91 are different in
various zones away from surface. More ferrite showing as continuous densified banded strips were
observed in the core region than in regions close to surface of ingot. This phenomenon could be
attributable to the central segregation propensity of ferrite forming elements in the solidification
process in addition to that the temperature in core region is higher due to relatively slower heat
exchange compared to the region close to surface.

Previous studies concluded that solidus and liquidus temperatures of a stainless steel were
determined by its chemical composition [5, 13]. Proper forging temperature relevant to solidus and
liquidus temperatures can minimize the secondary ferrite formation and extend ferrite-free surface
zone during forging process. Several computational models have been developed for simulation of
ferrite formation in correlation to temperature in stainless steel. Formula (1) Er=[T (‘C) -1150]/80 is
high in reliability to predict ferrite formation tendency [5, 6, 13]. The reliability of Formula (1) was
validated with experimental data from several studies testing various types of steel as shown in
Figure 6. Based on the formula, optimal temperatures for thermal treatment to various steels have
been established. For example, the forging temperatures of stainless steel and heat-resistant steel are
generally set up below 1180 °C [6], the initial forging and final forging temperatures of 0Cr13, 1Cr13,
2Cr13 and 3Cr13 are 1150 °C and 850 °C, respectively; the initial forging and final forging
temperatures of 1Cr18Ni9Ti are 1180 °C and 850 °C; and the initial forging and final forging
temperatures of 2Cr3WMoV are 1150 °C and 800 °C. Formula 1 was further validated with C

d0i:10.20944/preprints201808.0063.v1
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229 controlled steel. As shown in Figure 7, simulated with Formula 1, the vertical section for Fe-C-Cr
230  phase diagram of 0.05%C shifted to the biphasic zone of high temperature ferrite and austenite when
231  Crcontent was set up in a high range as 17% at a high heating temperature at 1200 °C. The simulation
232 result was complied with the established conclusion that high Cr and temperature promote ferrite
233 formation, in return, the result verified the reliability of formula 1 and 2 in prediction of ferrite
234 formation.

235 Computational programs have been also used to predict ferrite formation in high carbon steel
236  precipitation hardening process [7, 8]. Those programs took elements referring to chemical
237  composition as simulating parameters, which can predict tendency, but not quantitatively estimates
238  of ferrite formation. The chromium formula EdF = Ecr + Er was up-graded to Equation (1) and (2) in
239  considering with numerous ferrite formation affecting factors of chemical composition vs mushy
240  zone and forging temperatures. The effect of each element of chemical composition on ferrite
241  formation phase was expressed in chromium equivalence. The chemical composition elements (Cr,
242 Mo, W, V, Nb, Al, Si) were considered as factors favorable to ferrite formation, while the austenite
243 forming elements (C, N, Mn, Ni, Cu) were regarded as inhibitors to the appearance of ferrite.
244 According to the chemical composition of 0Crl7Ni4Cu4NDb steel, Cr equivalent Ec: formula (2) as
245  shown below was established corresponding to the effective index of each chemical element.

246 Ecr = Cr-40C-2Mn-4Ni+65i+4Mo+11V-30N+1.5W (2) 9]

247 Ecr in Formula (2) was regarded as the simulating index of chemical composition controlling
248  ferrite formation in tapping steel. C, N and V, as seen in the formula, have greater impacts on ferrite
249 formation, followed by Si, Mo, Ni, Mn. Theoretically, ferrite could be minimized, or even totally
250  avoided in steel tissue by an attentive control of chemical components within appropriate ranges,
251  based on Formula (2).

252 Ferrite could be also formed during the forging process for implementing an inappropriate high
253  temperature in thermal treatment, or an overtime heat preservation procedure [1, 2]. Ferrite
254  formation in corresponding to temperature was estimated by Formula (1).

255 The observation of the current study is aligned with the previous reported results that ferrite
256 formation in stainless steels is different in those with dissimilar compositions [2, 3, 5, 12]. In the study,
257  we found that ferrite formation in a steel ingot was highly relevant to the mushy zone temperature.
258  The mushy zone temperature is a critical parameter for proper adjustment of models (physical or
259  numerical) or in the final stage of applied research of the real process. It is significantly affecting the
260  final quality of the as-cast steel (billets or ingots). More ferrites were observed in as-cast steels with
261  high Crand C. Werealized that previous studies could have ignored the role of Fe, the major chemical
262 content in ferrite formation. Based on our observation, we assume that ratios of Cr:Fe, Cu:Fe and
263 Cr:C, rather arbitrary Cr, Fe and C quantities, could be more relevant to ferrite formation in stainless
264  steel as shown in Figure 2, 3, 4 and 5. Notably, as presented in Table 4, both the distribution pattern
265  and density of ferrite in 0Cr17Ni4Cu4Nb ingot risers and tails were deviated from the phenomenon
266  of central segregation propensity observed in all other examined steels in the study. Ferrite content
267  was much lower than that in standard reference steel GB/T8732 although Cr concentration was as
268  high as 16% (Table 1) and forging temperature reached up to 1300 C. Inexplicably, fewer ferrite
269  presented in the steel tissue though its mushy zone temperature was as high as 222 °C. Supposedly,
270  0Cr17Ni4Cu4ND steel was of more ferrite contents because its mushy zone temperature was higher
271  than that of all other tested steels. A few questions were arisen from the observed bizarreness of
272 ferrite formation in 0Cr17Ni4Cu4NDb steel. Could there be any critical threshold temperature of
273  mushy zone that control ferrite forming? Could behaviors of ferrite forming elements change in
274  manipulating ferrite formation at temperatures beyond the critical threshold? Since the effect of Nij,
275  Curelevant to Cr, C and Fe on ferrite formation have not been experimentally proved yet, further
276  studies will be required.

277 In responding to the inevitable ferrite formation in steels, strategies to improve steel’s quality
278  should include minimizing ferrite content in steel forming process and exploiting the existing ferrite
279  in steel tissue. The current main stream of study is mainly focused on the control of ferrite forming
280  in steel process. As an alternative approach to extend the service life of a steel, more attentions have
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281  been attracted to exploit the existing ferrite in steel tissue. A biological metal coating technology
282  developed by United Biologics Inc. in Canada is a typical such example taking advantage of the
283  existing ferrite to improve steel’s corrosion resistance and mechanical stability (publication and

284  patent in process).
285

286 5. Conclusions

287 The current study is the first to draw an attention on the effect of Fe — the key component of steel
288 on ferrite formation in steel. As observed in the current study, ratios of Cr:Fe, Cu:Fe and Cr:C are
289  more relevant to mushy zone temperature of steel. While mushy zone temperature is closely
290  correlated to ferrite formation. The larger the difference between the liquidus and solidus
291  temperature, the greater the propensity of ferrite formation. In the majority of the examined steels in
292  the study, ferrites distributed in the regions away from surface zone, and gathered in the core region
293 of steel ingot due to the tendency of central segregation property of ferrite forming elements and
294  relatively higher temperature in the central zone during ingot forming process. However, we found
295  that ferrite formation in 0Cr17Ni4Cu4Nb stainless steel was deviated from the general rule of ferrite
296  formation that was in comply with the majority of examined steels in the study. Fewer ferrite
297  randomly distributed in various zones of 0Cr17Ni4Cu4ND steel tissue though it has a high mushy
298  zone temperature. The observation could be associated with relative higher Cr:Fe and Cu:Fe ratios,
299  mushy zone temperature, and higher contents of ferrite inhibitory elements Ni and Cu in the steel.
300  Though the observation remains inexplicable, a few inferences can be drawn from the study. (1). Fe,
301  the major component of steel could play an unrecognized role in ferrite formation through its
302  proportion to other chemical components, such as Cr, Cu and C in stainless steels; (2). Mushy zone
303  temperature was an important intrinsic factor affecting ferrite formation; (3). Distribution of ferrite
304  in steel tissue generally follows the central segregation phenomenon in majority of steels; (4). The
305  advantages of 0Crl7Ni4Cu4Nb in corrosion resistance and mechanical stability could be arisen from
306  the fact that fewer ferrite content and randomly scattered in steel tissue. This distribution pattern
307 could be attributable to a relative low chance for scattered ferrite bodies to merge together, thus
308 improved the mechanical stability and corrosion resistance of the steel. Alternatively,
309 it could further improve steel’s service time by exploiting the remaining ferrite in steel tissue.
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329  Figures
330
331 Figure 1. Liquidum and solidum temperatures of 0Crl7Ni4Cu4Nb
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335 Figure 2. Correlation of Cr:Fe to mushy zone temperature
336
0.100
0.090 y =-0.07In(x) +0.094
0.080 R?=0.9391
o 0.070
§ 0.060
0050 | Tl
%0040 Tl
O 0030 | Ty
020 | NN
0010 53
0.000
P91 H13 42CrMo
337 Stainless steel samples & mushy zone temperature
338
339
340
341
342
343
344
345
346
347
348
349
350

351


http://dx.doi.org/10.20944/preprints201808.0063.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 August 2018 d0i:10.20944/preprints201808.0063.v1

12 of 16

352 Figure 3. Correlation of Cu:Fe to mushy zone temperature
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372 Figure 4. Simulation of style of ferrite formation in stainless steel ingots with different mushy
373 zone temperatures
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388 Figure 5. Simulation of style of ferrite formation in carbon steels ingots with different mushy
389 zone temperatures
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394 Figure 6. Distribution, density and morphology of ferrite in riser of steel ingots
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403 Figure 7. Vertical section diagram of Fe-C-Cr phase diagram of steel with 0.05%C
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406
407  Tables
408 Table 1. 0Cr17Ni4Cu4Nb internal control chemical composition (%)
C Si Mn S P Cr
< < < < < 15. 00
0. 055 1. 00 0.50 0.025 0.030 16. 00
Ni Cu Al Ti N Nb+Ta
3. 80 3. 00 < < < 0.15
4.50 3.70 0. 050 0. 050 0. 050 0.35
409
410
411 Table 2. Correlation of mushy zone to chemical composition of steels
C Si Mn v Cr Mo Ai N Nb Ni Cu P S Fe L* S* Ti-Ts
P91 0.08 0.2 0.3 0.18 8 0.9 0 0.03 0.06 0 1.25 0 0 89 1509 1326 183
H13 0.405 1 0.35 1 5.125 1.425 0 0 0 0 0.7 0 0 89.995 1472 1345 127
42CrMo 0.42 0.25 0.7 0.05 1 0.17 0.01 0 0 0 0 0 0 974 1493 1440 53
Low C 0.08 0.08 0.31 0 0.45 0 0 0 0 0 0 0.03 0.05 99 1526 1446 80
Medium C 0.23 0.11 0.63 0 0 0 0 0 0 0.07 0 0.034 0.034 98.892 1516 1430 86
High C 0.8 0.13 0.32 0 0.11 0 0 0 0 0.13 0 0.009 0.009 98.492 1473 1370 103
0Cr17* 0.55 1 0.5 0 16 0.4 0.05 0.05 0.3 42 3.7 0.03 0.02 73.2 1427 1205 222
412
413 Table 3. Correlation of mushy zone to Cr:Fe, Cu:Fe and Cr:C ratio
Cr:Fe Cu:Fe Cr:C Cu:C To-Ts
0Cr17 0.219 0.051 29 6.73 222
PI1 0.090 0.014 100.000 15.625 183
H13 0.057 0.008 12.654 1.728 127
42CrMo 0.010 0.000 2.381 0.000 53
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Table 4. Ferrite content detected in 0Cr17Ni4Cu4NDb steel material
ingot o ferrite o ferrite
position part position part
number % %
The outer A The outer 3
wall wall
Ingot
15121 riser 1/2 8 1/2
. 3 tail . 2
radius radius
core 1 core 5
The outer . The outer A
wall wall
Ingot
25266 riser 1/2 8 1/2
. 3 tail . 3
radius radius
core 4 core 4
The outer A The outer
wall wall
Ingot
95269 riser 1/2 8 1/2
. 5 tail . 4
radius radius
core 5 core 5
GB/T8732 - - <10 - - <10
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