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Abstract

An 18%Ni martensitic steel can revert to austenite by the mode of martensitic shear lattice
displacement by rapid heating above the reversion finishing temperature. The reversed austenite
is characterized by a high density of dislocations and this highly dislocated austenite causes
recrystallization during holding above the reversion temperature. The addition of Nb in solid
solution affects the recrystallization of reversed austenite, but it is not so significant when the Nb
content in steels is small. It was found that the recrystallization of reversed austenite is retarded
in proportion to the amount Nb in solid solution. This is probably attributed to the grain
boundary dragging effect by Nb segregated on the grain boundary. On the other hand, the
existence of Nb(C,N) precipitates gives a marked retardation effect to the recrystallization of
reversed austenite. As a result, it is suggested that the control of Nb(C,N) precipitation is most
important to suppress the recrystallization of highly dislocated austenite when the Nb content in
steels is low.

Introduction

Austenite grain size is one of important factors in terms of microstructure control because it
gives a great influence to the resultant phase transformation on cooling. On the grain refinement
of austenite, Nb is recognized as an excellent alloying element due to the grain boundary
dragging effect by itself and secondly, the effective grain boundary and dislocation pinning by
finely dispersed precipitates such as Nb(C,N). It is obvious that the Nb addition is very useful for
the refinement of the microstructure in commercial plain carbon steels [1], but it is difficult to
evaluate the contribution of Nb on the austenite grain refinement in plain carbon steels. The
reason is that the austenitic structure has disappeared at high temperatures due to its
transformation upon cooling.

On the other hand, author et al. has reported for an 18%Ni martensitic steel that it reverts to
austenite by the mode of martensitic shear lattice displacement by rapid heating above the
reversion finishing temperature [2]. The reversed austenite is characterized by a high density of
dislocations and the highly dislocated austenite causes recrystallization after the reversion during
holding above reversion temperature [3]. Such a behavior is very convenient for investigating the
recrystallization of highly dislocated austenite because a high density of dislocations can be
introduced into austenite without deformation and the distribution of dislocations is
homogeneous throughout the material. In this paper, the effect of Nb addition on the
recrystallization of highly dislocated austenite was investigated in terms of the effect of Nb itself
in solid solution and precipitates of Nb(C,N) using the 18%Ni martensitic steel.
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Experimental Procedure

Materials and heat treatment

Electrical iron, electrical nickel, and the other alloying elements were melted using a vacuum
induction furnace and then cast in a metallic mold of 28 mm x 50 mm x 100 mm. The ingots of
1.5 kg each were homogenized at 1473°K for 36 ks and then hot-rolled to 10 mm thick plates.
Table I lists the chemical composition of the steels obtained. The steel A is base 18%Ni steel.
The steel B was prepared for investigating the effect of N in solid solution. The steel C, D and E
are for investigating the effect of Nb itself in solid solution and the steel F is for the investigation
of NbN precipitates. Martensitic transformation starting temperature (Ms) and reversion starting
temperature (Rs) is controlled to be around 550°K and 830°K respectively for all of the steels
because they affect the dislocation density of reversed austenite. After the solution treatment of
1523°K - 3.6 ks followed by water quenching, specimens cut from the steel plates were subjected
to reversion treatment for 1.8 ks at the temperature between 873°K and 1273°K followed by
water quenching. The specimens with reversion treatment were provided to the microstructure
observation by optical microscopy (OM) and transmission electron microscopy (TEM).

Table 1. Chemical composition (mass %) of the steels used. Ms and Mf temperature
of the base steel are 553°K and 453°K. respectively.

Steel Ni Nb N Cr Mn
Base steel (A) 18.08 - 0.0015 0.22 0.36
0.03N-steel (B) 17.03 - 0.0307 0.22 1.14

0.1Nb-steel (C) 17.92 0.096 0.0036 0.22 0.36
0.2Nb-steel (D) 17.01 0.19 0.0029 0.22 1.11
0.3Nb-steel (E) 17.08 0.29 0.0024 0.22 1.12

0.INb-0.01N-steel (F) 17.00 0.1 0.01 0.22 1.00

* Si<0.01, P<0.01, S<0.01, C:0.0012-0.0016

Phase transformation kinetics of Fe-18%Ni alloy

Figure 1 shows the phase diagram of Fe-Ni alloy system. Ni is one of the strong austenite
stabilizing elements so that To line lowers with increasing Ni content in Fe-Ni alloy. Besides, it
is well known that the diffusivity of substitutional atoms such as Ni is very low in comparison
with that of interstitial atoms such as C and N. Hence, high Ni alloy cannot undergo diffusive
phase transformation from fcc to bee on cooling and this results in martensitic transformation in
high Ni steels. Ms temperature of Fe-18%Ni alloy (base steel) was 553°K. On the other hand, the
base steel with martensitic structure causes martensitic shear reversion from bcc to fcc on heating
because the To temperature of this steel (about 740°K) is not high enough for diffusive phase
transformation. Martensitic reversion starting temperature (Rs) was 833°K for the base steel. As
a result, the base steel undergoes twice of martensitic transformation on heating and cooling.
Optical microstructures of the base steel are in Figure 2 for the same area before (a) and after the
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heat treatment of rapid heating to 1073°K and the following water quenching (b). It should be
noted that the same austenite grain boundary is kept after the heat treatment. This reveals the fact
that no diffusive phase transformation occurs both on heating to 1073°K and on cooling from the
temperature.
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Figure 1. Phase diagram of Fe-Ni alloy system.
Rs temperature of Fe-18%Ni alloy is 833K.

Figure 2. Optical microstructure for the same area of Fe-18%Ni alloy
(base steel). Before (a) and after the heat treatment of rapid heating to
1073K and the following water quenching (b).

Recrystallization behavior of martensitically reversed austenite

Direct observation of the reversed austenite is difficult due to the martensitic transformation on
cooling but the existence of highly dislocated reversed austenite can be proved by
recrystallization of the reversed austenite. Figure 3 shows the microstructural change of lath
martensite as a function of holding time at 1073°K. Unrecrystallized austenite and recrystallized
austenite are distinguished from the morphology of lath martensite: Fine block structure is
formed from unrecrystallized austenite (see Figure 2 (b)), while wide block structure is formed
from recrystallized austenite as shown in Figure 3 (a). After the completion of recrystallization,
the prior austenite grain size is refined to 100 um or less and the whole surface is covered by the
wide block structure as shown in the Figure 3 (b). The fraction of recrystallized austenite was
measured by several OM observations.
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Figure 3. Optical microstructures of the base steel. Water quenched after
holding at 1073K for 0.6ks (a) and 36ks (b).

Experimental Results

Effect of nitrogen in solid solution on the recrystallization of highly dislocated austenite

Recrystallization behaviors of reversed austenite are shown for the base steel and the 0.03N-steel
in Figure 4 as a function of holding temperature. In the case of 1.8 ks holding, recrystallization of
reversed austenite easily occurs above 1000°K in both steels. No significant influence by
nitrogen addition can be found on the recrystallization behavior of reversed austenite. Figure 5 is
the calculated phase diagram for Fe-17%Ni-1%Mn-0.2%Cr-N alloy system. It is found that
austenite single-phase region can be obtained above 1000°K independent of nitrogen content.
The precipitation of CrN may affect the recrystallization behavior of reversed austenite below
1000 K, but we do not have to think about the effect in this case because the reversion finishing
temperature of the 0.003N-steel is just below 1000°K.

100

o)) 0
) )
T " —

N
o]
T

: Base steel
: 0.03N-steel

Y
S
Oe

Fraction of recrystallization (%)

0 . 1 . 1 .
800 900 1000 1100 1200 1300 1400
Holding temperature, T / K

Figure 4. Change in the fraction of recrystallized austenite as a function
of holding temperature. Specimens were water quenched after holding at
given temperature for 1.8ks.
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Figure 5. Phase diagram of Fe-17%Ni-1%Mn-0.2%Cr-N alloy system.

Effect of niobium in solid solution on the recrystallization of highly dislocated austenite

Figure 6 shows the change in the fraction of recrystallized austenite as a function of holding
temperature. Recrystallization of reversed austenite is surely retarded with increasing Nb
content. This suggests the grain boundary dragging effect by Nb on the recrystallization of
highly dislocated austenite. However, the steels used contain a small amount of carbon and
nitrogen which produce Nb(C,N) so that we have to think about the effect of such a precipitate
on the recrystallization behavior. The volume fraction of Nb(C,N) can be calculated from the
content of C and N under the condition that the whole C and N combine with Nb. The Nb
content subtracted the value for Nb(C,N) from the total Nb content gives the Nb content in solid
solution.
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Figure 6. Change in the fraction of recrystallized austenite as a
function of holding temperature. Specimens were water
quenched after holding at given temperature for 1.8ks.

569



Figure 7 shows the results of estimated volume fraction of Nb(C,N) and Nb content in solid
solution. The volume fraction of Nb(C,N) was estimated at about 0.04% independent of the Nb
content in steels and it was confirmed that the Nb content in solid solution surely increases with
an increase of Nb content in steels. This result indicates that the retardation of recrystallization
shown in Figure 6 is attributed to the grain boundary dragging effect by Nb in solid solution.
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Figure 7. Volume fraction of Nb(C,N) and Nb content in
solid solution in the steels with different Nb content.

Figure 8 shows the relation between the Nb content in solid solution and recrystallization
temperature. The volume fraction of Nb(C,N) is as small as 0.04% but this figure suggests that
the effect of such a small amount of precipitates can not be ignored in terms of the
recrystallization of highly dislocated austenite.
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Figure 8. Relation between the Nb content in solid solution
and recrystallization temperature in the case of 1.8ks holding.
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Effect of Nb(C,N) precipitation on the recrystallization of highly dislocated austenite

In order to make the effect of Nb(C,N) clearer, the 0.1Nb-0.01N-steel containing about 0.1vol%
of Nb(C,N) was examined. Figure 9 shows the effect of Nb(C,N) precipitates on the
recrystallization of reversed austenite. Small increment (about 0.06%) in the volume fraction of
Nb(C,N) results in a marked retardation of highly dislocated austenite. Figure 10 displays the
relation between the volume fraction of Nb(C,N) and the recrystallization temperature. The
retardation of recrystallization by Nb(C,N) precipitates is evaluated at 2500°K/% in the case of
1.8 ks holding. This means that Nb(C,N) precipitates works effectively for the retardation of the
recrystallization of highly dislocated austenite through the effect of grain boundary pinning and
dislocation pinning. Figure 11 is the phase diagram of Fe-17%Ni-1%Mn-0.2%Cr-0.01N-Nb
alloy system. For the 0.1Nb-0.01N-steel, it is expected that Nb(C,N) precipitates start
decomposition from 1200°K and they completely disappear above 1500°K. The decomposition
starting temperature for Nb(C,N) precipitates is just correspondent to the recrystallization
temperature of reversed austenite. As mentioned above, the volume fraction of Nb(C,N) gives a
large effect on the recrystallization of highly dislocated austenite. The recrystallization behavior
is very sensitive to a small change in the volume fraction of Nb(C,N) precipitates. This is
probably the reason why the recrystallization temperature of the 0.1Nb-0.01N-steel is just
corresponding to the decomposition starting temperature for Nb(C,N) precipitate.
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Figure 9. Change in the fraction of recrystallized austenite as a
function of holding temperature. Specimens were water
quenched after holding at given temperature for 1.8ks.
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Figure 11. Phase diagram of Fe-17%Ni-1%Mn-0.2%Cr-0.01N-Nb alloy system.

Conclusion

The effect of Nb additions on the recrystallization behavior of highly dislocated austenite was
investigated using an 18%Ni martensitic steel which can revert to austenite by the mode of
martensitic shear lattice displacement on heating and exhibits an austenitic structure containing a
high density of dislocations. The results obtained are as follows:

1. The addition of Nb in solid solution affects the recrystallization of reversed austenite, but it
has little effect when the Nb content in steels is small. It was found that the recrystallization of
reversed austenite is retarded in proportion to the amount Nb in solid solution. This is probably
attributed to the grain boundary dragging effect by Nb segregated on grain boundary. On the
other hand, the existence of Nb(C,N) precipitates gives a marked retardation effect to the
recrystallization of reversed austenite. As a result, it was suggested that the control of Nb(C,N )
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precipitation is most important to suppress the recrystallization of highly dislocated austenite
when NDb content in steels is small..

References

I. N.Maruyama, G.D.W.Smith,“Effect of Nitrogen and Carbon on the Early Stage of
Austenite Recrystallisation in Iron-Niobium Alloys”, Materials Science and Engineering,
A327(2002), 34-39.

2. T.Hara, S.Takaki, “Toughening of a Fe-18%Ni Martensitic Alloy through Martensitic
Reversion”, Proc.Thermec, (1997), 179-185.

3. T.Maki, H.Morimoto, I.Tamura,“Recrystallisation of the Austenite Transformed
Reversely and Structure of Martensite in 18Ni Maraging Steel”, Tetu to Hagane, 65-
10(1979), 90-98.

573



	1/2 Title Page
	Full Title Page
	ISBN/Copyright Information
	Table of Contents
	Preface
	Editorial Committee
	"Niobium Microalloyed Automotive Sheet Steel – A Cost Effective Solution to the Challenges of Modern Body Engineering" by H. Mohrbacher
	Material Concepts in Automotive Body Engineering
	"Functional Design of a 'Lightweight Body in White' – How to Determine Body in White Materials According to Structural Requirements" by B. Lüdke and M. Pfestorf
	"Various Steel Sheet Applications for Automotive" by H. Kawaguchi
	"Advanced Steel Products for Lightweighting at DaimlerChrysler" by P.J. Belanger, M.S. Walp, and M. Milititsky
	"Vehicle of the Future: The Role of the New Generation of High Strength Steel Grades" by A. Fuganti
	"Material Application Development for Weight Reduction of Body-in-White" by K. Takagi, T. Yoshida, and A. Sato
	"New Lightweight Steels for Automotive Applications – Potential and Risk" by J. Kiese
	"Weight Reduction of Automobile by High Strength Steel" by Y. Azuma
	"Manufacturing Challenges in Stamping and Fabrication of Components from Advanced High Strength Steel" by J.R. Fekete
	"Possibilities and Challenges Using Advanced High Strength Steel Sheets for Automotive Applications" by T. Hallfeldt
	"Experience of Joining of High Strength Automotive Sheet in the Body Shop" by H. Hornig

	Automotive Steel Development in Fast Growing Markets
	"Automotive Development in Fast Growing Markets" by H. Mohrbacher
	"Microalloyed Steels Produced by Usiminas for the Automotive Industry" by J.F.B. Pereira, L.C.O. Meyer, and T.M.F. de Melo
	"Current Applications and Prospects for Utilization of Steel Sheets at JSC AVTOVAZ" by A.K. Tikhonov
	"Metallurgical Features of the Steel Production for the Automobile Industry in Magnitogorsk Iron and Steel Works ('MMK')" by A.F. Sarychev, O.A. Nikolaev, and B.F. Zin'ko
	"Development, Process Implementation and Delivery Increase of Niobium Alloyed IF Steel for Automotive" by A.A. Nemtinov and M.A. Kuznetsov
	"Development of Nb Containing Steel at SAIL for Automotive Application: Present Status and Future Prospect" by B.K. Jha, B. Sarkar, A. Deva, and R. Datta
	"Hot Rolled Stretch Flange Steel (SFHS-600): Experience at Tata Steel" by S. Mukherjee, N. Gope, A.N. Bhagat, and D. Bhattacharjee
	"The Current Situation and Development of Iran Automotive Industry" by M. Ghorbani and A. Olfat
	"Rapid Development of China Automotive Industry" by S. Ge
	"Application Status of Automobile Niobium Steel Sheets in China" by J-r. Bai
	"The Application of Nb to Automotive Sheet Steels in Baosteel" by L. Wang, W. Feng, X. Liu, J. Liu, and J. Lu

	Cold Rolled Advanced High Strength Steel
	"Microalloyed High Strength Steels for Reduced Weight and Improved Crash Performance in Automotive Applications" by K. Olsson, M. Gladh, J.-E. Hedin, and J. Larsson
	"High Strength Steels for Automobile Use and the Role of Microalloying" by M. Takahashi, T. Ogawa, and N. Maruyama
	"Advanced High Strength Thin Sheet Grades: Improvement of Properties by Microalloying Assisted Microstructure Control" by A. Pichler, T. Hebesberger, S. Traint, E. Tragl, T. Kurz, C. Krempaszky, P. Tsipouridis, and E. Werner
	"Role of Niobium in Advanced Sheet Steels for Automotive Applications" by D. Bhattacharya
	"Advanced Formable High- and Ultra High-Strength TRIP-Aided Sheet Steels" by K. Sugimoto, S. Hashimoto, and Y. Mukai
	"Niobium Microalloyed CMnAlSiP TRIP Steel" by B.C. De Cooman and D. Krizan

	Hot Rolled HSLA Steel
	"Material Design of 690-780 MPa Grade Hot-Rolled Sheet Steels for Wheel Use" by H. Kikuchi, N. Imai, T. Tomida, K. Fukui, S. Nomura, and S. Katsu
	"Effects of Nb and Mo Addtion on Mechanical Properties of Hot Rolled TRIP-Aided" by K. Saito, S. Ikeda, S. Hashimoto, K. Sugimoto, and S. Miyake
	"Integrated Process-Metallurgy Modelling for Niobium Microalloyed Hot Rolled Steels" by A. Perlade, P. Maugis, M. Gouné, T. Iung, and D. Grandemange
	"Modelling of Softening in Niobium-HSLA Steels during Hot Rolling" by W. Kranendonk and M. Maier

	Ultra Low Carbon Steel
	"Recent Progress in the Technology for IF Steels" by H. Takechi
	"Bake Hardening and Ageing Properties of Hot-Dip Galvanized ULC Steel Grades" by C. Escher, V. Brandenburg, and I. Heckelmann
	"Microalloyed Bake-Hardening Steels" by J.G. Speer, S. Hashimoto, and D.K. Matlock
	"State-of-Art Nb-Bearing Cold-Rolled Steel Sheet for Automotive Application" by T. Urabe, Y. Ono, T. Fujita, Y. Yamasaki, and Y. Hosoya
	"Development of Deep Drawable Galvannealed Ti-IF HSS Containing Niobium in Solution for Automotive Body Weight Reduction" by T. Matsumoto and M. Saito
	"Role of Niobium on the Segregation Behavior of Phosphorus and Manganese in Cold-Rolled and Annealed High Strength IF Steels" by T.R. Chen, M. Hua, C.I. Garcia, and A.J. DeArdo

	Automotive Sheet Production Using Thin Slab Casting and Direct Rolling
	"Processing of Microalloyed Steel for Automotive Applications on a Thin Slab Plant" by C. Klinkenberg
	"Microalloying Elements in the Direct Sheet Plant" by M. Maier and C. McEwan
	"Producing Value-Added Niobium Steels for Automotive Applications Using the CSP Process at NUCOR Steel Berkeley" by A.J. DeArdo, R. Marraccini, M.J. Hua, and C.I. Garcia

	Fundamentals of Niobium Microalloyed Automotive Sheet Steel
	"Basic Metallurgy of Modern Niobium Steels" by A.J. DeArdo, M. Hua, and C.I. Garcia
	"Fundamentals of Cold Formable HSLA Steels" by W. Bleck and E. Ratte
	"Effect of Nb on the Recrystallization of Austenite Containing High Dislocation Density" by S. Takaki and S. Hashimoto

	Epilogue
	"Nb Application to Automotive Steel Sheets" by S. Hashimoto

	Author Index
	Subject Index




