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Abstract:
SFGHITEN®SFGHITEN®SFGHITEN  (super fi ne grain, high strength steel 

sheet), which was developed recently by JFE Steel, is 
strengthened by fi ne Nb(C, N) precipitates and grain 
refi nement, giving it excellent press formability suitable 
for automotive exposed panels. The Nb(C, N) precipitate 
shows a unique distribution which had not been 
observed previously and tends to form precipitate-
depleted zones, called precipitate free zones (PFZ), in 
the vicinity of grain boundaries. These PFZs lower yield 
strength in spite of the small size of the grains. In com-
parison with conventional deep-drawing sheets, 
SFGHITEN has a high r-value, combined with excellent 
resistance to secondary embrittlement imparted by B 
addition. Try-out pressing for an automotive front-fender 
model was successfully conducted and demonstrated 
that the new material has excellent formability, display-
ing a wider formable range than the conventional steel.

1. Introduction

Introduction of high-strength steel sheets which meet 
weight reduction needs in auto body panels is progress-
ing rapidly. Among these, strengthening by adding solid 
solution strengthening elements such as Si, Mn, and 
others, based on an IF (interstitial free) steel chemical 
composition, is used to achieve high tensile strength in 
exposed panels in view of the high formability and sur-

face property requirements of this application.1) How-
ever, it is diffi cult to secure formability equal to that of 
mild steel because addition of solid solution strengthen-
ing elements deteriorates deep-drawability (r-value), and 
the work hardening index (n-value) decreases as yield 
strength increases. Moreover, when the strength of the 
parent phase is increased, grain boundary strength shows 
a relative decrease, raising the problems of grain bound-
ary embrittlement, which can be observed after forming, 
and deterioration of coated surface quality caused by 
addition of the strengthening element Si, which is par-
ticularly a problem in galvannealed (GA) products.2,3)

To solve these problems, JFE Steel developed a 
new high-strength sheet with excellent formability and 
surface quality, in which grain boundary strength is 
increased and secondary work embrittlement is sup-
pressed by refi ning the grain size in comparison with 
conventional steels, and excellent deep drawability and 
a low yield ratio are also successfully realized by apply-
ing a unique fi ne precipitate dispersion hardening tech-
nique which does not use solid solution elements that 
deteriorate surface properties. The newly developed steel 
has been commercialized by JFE Steel as SFGHITEN®

(super fi ne grain, high strength steel sheet) in the TS340, 
TS390, and TS440 MPa grades, and is available in the 
form of cold-rolled steel sheets and GA steel sheets.4–7)

This paper describes the metallurgical background 
which produced the unique mechanical properties of 
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SFGHITEN and the advantages of this product when 
applied in automotive exposed panels.

2. Phenomena Observed in SFGHITEN and 
Their Basic Mechanism

In achieving high strength based on IF steel, use 
of the solid solution hardening mechanism, in which 
strengthening elements such as Si, Mn, P, and others 
are added in large quantity, is a concept with a long his-
tory. However, because these strengthening elements, 
and particularly Si, deteriorate deep drawability and 
the quality of the coated surface, products manufac-
tured by this technique cannot be used in exposed pan-
els in which complex forming is required. In contrast, as 
the concept of the present development, high strength is 
achieved by precipitate dispersion hardening using fi ne 
Nb(C, N), without adding Si as a strengthening element, 
in combination with ferrite grain refi nement, while the 
deep drawing property is secured by improving the cold-
rolling recrystallization texture by grain refi nement in 
the hot-rolled sheet and encouraging achievement of the 
{111} texture, which is advantageous for deep drawabil-
ity. As a result, high strength and improved deep draw-
ability are realized simultaneously. An IF steel com-
position design was adopted, with Nb added for grain 
refi nement. The C content was set at more than dou-
ble that in ordinary ultra-low carbon steel (30 ppm or 
under) in order to strengthen grain refi nement, and Nb 
was added in a quantity suffi cient to fi x the C. In the fol-
lowing, these basic phenomena and their mechanism are 
clarifi ed based on experimental fi ndings.

Table 1 shows the chemical compositions of the lab-
oratory melts used in the experiments. Steel A is a steel 
in which Nb was added to ordinary ultra-low carbon in a 
quantity exceeding an equivalent ratio of 1, and Mn and 
P were added as solid solution strengthening elements. 
Steel B is a steel in which the absolute amounts of Nb 
and C were increased while maintaining basically the 
same Nb/C ratio as in Steel A.

After vacuum melting 50 kg ingots of these steels, 
the samples were hot-rolled to slabs with a thickness 
30 mm. After solution treatment at 1 200°C for 3.6 ks, 
fi nishing hot rolling was performed to a sheet thickness 
of 2.8 mm at a fi nishing temperature of 900°C, followed 
by treatment equivalent to coiling at 640°C  3.6 ks. 
The hot bands obtained in this manner were pickled and 

cold-rolled at a reduction ratio of 80% to produce cold-
rolled strips with a thickness of 0.56 mm. In anneal-
ing, heat treatment was performed for 50 s at 600–

870°C using a salt bath. These annealed strips were then 
temper-rolled at a reduction ratio of 0.7% and used in 
various tests.

Recrystallization behavior in the hot rolling stage 
was evaluated based on the softening ratio obtained from 
changes in the fl ow stress on the stress-strain curve when 
2-step compression was performed at an inter-pass time 
of 0.1 s to 500 s at 900°C using samples with a diameter 
of 8 mm and height of 12 mm by a forming Formaster. 
Recrystallization behavior during annealing after cold 
rolling was evaluated by measuring the Vickers hardness 
at the sheet center-of-thickness position at each anneal-
ing temperature.

A tensile test was performed with JIS No. 5 test 
pieces taken in the normal direction (90° relative to the 
rolling direction). The Lankford value (mean r-value) 
was calculated by the following equation from the 
respective r-values obtained by 15% tensile deformation 
of test pieces taken from the 0°, 45°, and 90° directions 
relative to the rolling direction.

r0°  2r45°  r90°r̄ -value  ———
4

Texture was evaluated by X-ray diffraction after 
chemically polishing the samples to the sheet center-
of-thickness. The crystallographic microstructure was 
observed using optical micrographs, SEM, and TEM.

Figure 1 shows the effect of C and Nb on recrystal-
lization softening behavior at 900°C during annealing in 
the γ (austenite) region. The time to a 100% softening 
ratio with steel A and steel B, in other words, the time 
to complete recrystallization of γ, differs greatly, being 
approximately 30 s in steel A but 500 s in steel B. This 
indicates that the high contents of C and Nb in steel A 
are effective suppressing recrystallization in γ.

Photo 1 shows the ferrite microstructure of the hot 
bands. The structure is fi ner in steel B than in steel A. 
This can be understood as showing that the γ recrystal-
lization suppression effect shown in Fig. 1 has occurred, 
and consequently, the ferrite grains are also small after 
transformation.

Photo 2 shows the ferrite microstructure of samples 
annealed at 850°C. As with the recrystallization behav-
ior in hot rolling, the grain size after annealing is also 
small in steel B.

Figure 2 shows the difference in the TS (∆TS), yield 
ratio, and mean r-value of samples annealed at 830, 
850, and 870°C. In comparison with steel A, the tensile 
strength of steel B is approximately 30 MPa higher in all 
temperature regions. This is attributed to the small grain 

Table 1 Chemical composition of steels A and B

Steel C Si Mn P N Nb Nb/C

(mass%)

0.002 0 0.02 0.66 0.043 0.002 9 0.022 1.42

0.005 2 0.01 0.62 0.040 0.003 2 0.068 1.69

A

B
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size and presence of Nb precipitates in steel B. The yield 
ratio of steel B is approximately 10% lower than that of 
steel A. From the viewpoint of grain size and precipi-
tates, the yield ratio should show the opposite tendency, 
being higher in steel B. It is therefore thought that a dif-
ferent mechanism causes this low YR phenomenon. 

The mean r-value of steel B is more than 2.0 at all 
annealing temperatures, and is approximately 0.2 higher 
than in steel A. Figure 3 shows the integrated X-ray dif-
fraction strength ratio of grains with the {111} and {100} 
orientations in steel A and steel B with recrystallization 
during annealing. In the as-cold-rolled condition, there 
is no large difference in the intensities of grains with the 
{111} and {100} orientations, but with recrystalliza-
tion, steel B shows remarkable achievement of the {111} 
plane, and as a result, this steel is thought to show a high 
r-value. This remarkable achievement of the {111} ori-
entation accompanying recrystallization is caused by 
the increase in the surface area of the grain boundaries, 
which serve as sites for preferential nucleation of grains 
with the {111} recrystallization orientation, resulting 
from grain refi nement in the hot-rolled sheet stage. Fig-
ure 4 shows the relationship between the grain size and 
mean r-values of steels A and B in comparison with 
other steel grades. In general, the r-value of steel sheets 
increases accompanying grain growth as the annealing 
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temperatures increases, and high r-values exceeding 2.5 
can be obtained by grain coarsening, even with IF steels, 
as shown in this fi gure. However, this is of little practi-
cal value because the surface defect called “orange peel” 
occurs when sheets with coarse-grained structures are 
press-formed. From the viewpoint of suitability for prac-
tical applications, the relationship between the grain size 
and r-value of steel B, which consists of fi ne grains, is 
greatly improved from that of the conventional IF steels.

This fi ne microstructure and the existence of Nb pre-
cipitates are distinctive features of steel B. Photo 3
shows a TEM replica image of steel B after annealing at 

850°C. Fine precipitates with sizes of 10 nm to 40 nm 
exist in the steel, but conversely, a region where pre-
cipitates are extremely rare can also be observed in the 
vicinity of the grain boundaries. Relatively fi ne precipi-
tates also exist inside the grains, but coarse grains show 
a tendency to exist in grains and at the grain boundaries. 
These precipitates were identifi ed as NbC and Nb(C, N) 
by EDS analysis and electron diffraction.

A closer examination of the region near the grain 
boundaries where precipitates are rare reveals that Nb(C, 
N) exists only on one side of the grain boundary, and not 
on both sides. Figure 5 shows the features of this micro-
structure. Whether these fi ne Nb(C, N) precipitates are 
present or not is considered to be the reason why steel 
B displays strength approximately 30 MPa higher than 
that of steel A. The region where precipitates are rare is 
called the PFZ (precipitate free zone).

Figure 6 presents a schematic illustration of the pre-
sumed mechanism by which this unique PFZ is formed. 
Immediately after recrystallization, fi ne NbC and Nb(C, 
N) are thought to precipitate relatively uniformly, but 
the NbC and Nb(C, N) which exist on grain boundar-
ies undergo coarsening by rapid Ostward ripening due to 
grain boundary diffusion. As a result, the pinning force 
of the grain boundary is weakened, and grain boundary 
migration begins and the grains grow. On this assump-
tion, comparatively coarse NbC and Nb(C, N) would 
remain after grain boundary migration.

Based on the above assumptions, it is thought that 
fi ne NbC and Nb(C, N) do not exist in the PFZs which 
form in this manner, and as a result, precipitation hard-
ening is reduced and the PFZs are soft and have a low 
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Photo 3  TEM replica image and EDS spectra of the pre-
cipitates observed in the specimen annealed at 
850°C of steel B
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yield ratio. Thus, if it is thought that material yield 
begins from stress concentrations in the vicinity of grain 
boundaries, it is reasonable to think that the distinctive 
mechanical properties of the PFZ determine the distinc-
tive feature of low YR observed in steel B. 

3. Effect of PFZ on Yield Strength7)

As described above, it is thought that the formation 
of PFZs results in a mechanism in which yielding begins 
at low stress in the initial deformation stage. To clar-
ify this, samples with various amounts of PFZ were pre-
pared and yield phenomena were compared.

Samples with various amounts of PFZ were prepared 
by hot-rolling and cold-rolling vacuum melted steels 

with the chemical compositions shown in Table 2 to a 
thickness of 0.65 mm, and then performing recrystalliza-
tion annealing at 750°C  60 s at varying heating rates 
between 2 and 15°C/s.

Figure 7 shows the mechanical properties of the 
steels annealed at different heating rates. Although ten-
sile strength (TS) is basically constant, yield strength 
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Fig. 5  Schematic illustration showing the hypothesis 
on the mechanism for lower yielding in steel B 
strengthened by the solid-solution elements and 
fi ne Nb precipitates with PFZ
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Table 2  Chemical composition of samples with various 
amounts of PFZ

C Si Mn S Soluble Al N Nb

(mass%)

0.006 8 0.02 0.99 0.009 0.052 0.002 5 0.101
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(YS) increased from 210 MPa to 230 MPa as the heat-
ing rate increased. The grain size remained virtually 
unchanged, showing a constant value (8.2–8.4 µm) at all 
heating rates.

Photo 4 shows TEM replica images of the steels 
annealed at heating rates of 2°C/s and 15°C/s. Although 
PFZs can be seen on one side of the grain boundar-
ies, a higher PFZ formation ratio can be observed in 
the steel annealed at 2°C/s. Figure 8 shows YS and the 
work hardening index (n-value) plotted against the vol-
ume fraction of PFZ measured from the TEM images. 
Yield strength decreases as the volume fraction of PFZ 
increases. From this, it is clear that PFZ is the reason for 
low YS.

4. Secondary Work Embrittlement6)

In general, IF steels have low grain boundary strength 
in comparison with intragranular strength because inter-
stitial elements do not exist at the grain boundaries. In 
particular, in high-strength steels based on IF steel, it 
is necessary to consider measures to prevent reduced 
resistance to secondary embrittlement caused by the 
strength difference between the grains and grain bound-
aries. Therefore, resistance to secondary embrittlement 
was investigated in the new TS440 MPa grade super fi ne 
grain steel, SFGHITEN. This SFGHITEN was compared 
with the conventional Nb-added IF high strength steel 
sheet, and the effect of grain refi nement and B addition, 
which is effective in improving resistance to secondary 
embrittlment in IF steels,8) was compared.

Using the chemical compositions shown in Table 3, 
which are based on 0.3%Si-2.0%Mn-0.075%P steel, 
sample steels with 4 levels of added B (2, 4, 10, and 
15 ppm) were prepared. The procedure used in prepar-
ing cold-rolled and annealed steel strips was basically 
the same as in Chapter 2. After drawing the cold-rolled 
and annealed strips to a cup shape at a drawing ratio of 
2.0 and mechanically grinding the edge to obtain a cup 

height of 35 mm, the deformation (fracture test) shown 
in Photo 5 was performed at various temperatures, and 
the limit temperature for ductile deformation was used 
as the transition temperature for secondary work embrit-
tlement.

Figure 9 shows the effect of B on the transition tem-
perature. First, without B addition, steel A, which is a 
conventional TS440 MPa grade IF high strength steel 
sheet, displayed a transition temperature of 5°C, but in 
the steel B, which is an SFGHITEN, the transition tem-
perature is reduced remarkably, to 80°C. This effect is 
attributed to alleviation of stress concentrations near the 
grain boundaries during deep drawing by refi nement of 
the ferrite microstructure and formation of PFZs. Next, 
with increasing amounts of B addition, the transition 
temperatures of both steels improved, and with approx-
imately 10 ppm B addition, even steel A showed resis-
tance to secondary embrittlement equal to that of steel 
B without B addition. Thus, the fi ne ferrite structure and 
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Table 3  Chemical composition of steels investigated

A00

A02

Steel
C

(ppm)
N

(ppm)
S

(mass%)
Nb

(mass%)
Ti

(mass%)
B

(ppm)

24 18 0.005 0.004 0.045 trace

26 18 0.005 0.003 0.045  2

A04 26 17 0.005 0.004 0.045  4

A08 21 19 0.005 0.004 0.046  8

A15 20 19 0.005 0.003 0.045 15

B00 60 30 0.006 0.110 trace trace

B02 66 26 0.006 0.110 trace  2

B04 59 24 0.006 0.110 0.001  4

B10 54 26 0.005 0.100 0.001 10

B15 58 25 0.006 0.110 0.001 15

(a) (b)

(1) Blank (2) Drawing cup (3) Fracture test

100 mm 50 mm

35 mm

Load

Coolant

Drawn cup
(50φ)

Punch

(Drawing ratio  2.0)

Photo 5  Schematic diagram of evaluation method of 
the transition temperature for secondary-work-
embrittlement; (a) Non-brittle fracture, (b) Brit-
tle fracture
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existence of PFZ in SFGHITEN have a dramatic effect 
on resistance to secondary embrittlement.

5. Examples of Application

The Nb-added IF steel with the above-mentioned fea-
tures was named “SFGHITEN®,” and has been commer-
cialized by JFE Steel as TS340 MPa, TS390 MPa, and 
TS440 MPa grade hiten steel. Table 4 shows the typical 
mechanical properties of SFGHITEN.

Table 5 shows the mechanical properties of the con-
ventional material and the developed steel when used in 
GA steel sheets. Even in GA, the developed steel dis-
plays a mean r-value of the soft 270E class, at r  1.7. 
Yield strength is approximately 15 MPa lower than in 
the conventional material, and the n-value is also excel-
lent.

Try-out pressing was performed with a die 
simulating the front fender of an automobile using 
commercially-produced samples of this steel. Photo 6
shows the shape after pressing. Press-formability was 
evaluated by the formable range, which is decided by 
the fracture limit and wrinkle limit. Figure 10 shows 
the results of this evaluation. With the developed steel, 
wrinkles could be prevented at a lower cushion force. 
This is attributed mainly to the excellent properties of 
the Zn-coated surface. On the other hand, no cracks 
occurred until the high cushion force side. It can be 
thought that this is mainly because the developed steel 
has a high r-value. As a result, it can be understood that 
only SFGHITEN is formable as a TS440 MPa grade GA 
sheet, demonstrating that the developed steel possesses 
outstanding formability in comparison with the conven-
tional TS440 MPa grade hiten steel.

SFGHITEN with this excellent performance has 
already been adopted or is in the pre-adoption quali-
fi cation stage at multiple automakers. Because weight 
reduction in panel parts has been achieved by adopting 
high-strength steel in all of these examples, this prod-
uct is considered to provide performance which can 
fully satisfy the progressively higher weight reduction 

requirements of the future.

6. Conclusion

A new super fi ne grain, high-strength steel (SFGHITEN) 
was developed. Responding to the present ongoing trend 

Table 4  Mechanical properties of the SFGHITEN

Blank holder force ( 9.8 kN)

160 170

Wrinkle
Formable
Fracture

180 190 200Steel

Developed

Conventional

Fig. 10  Press-formability for a front fender model of the 
developed 440 MPa galvannealed steel sheet 
and the conventional galvannealed IF-HSS

q : Wrinkle

q

w

w : Fracture

Fracture

Wrinkle

Photo 6  Front fender model for evaluating press-
formability

Table 5  Mechanical properties of steels used in press-
forming test for a front fender model

Steel
YS

(MPa)
TS

(MPa)
El

(%)
Mean

r-value

Developed 285 442 35.0 1.70

Conventional 300 445 35.0 1.50

Type Grade Thickness (mm) YS (MPa)

1.0 190

TS (MPa)

345

El (%) Mean r-value TcTcT  (°C)

44 1.9 100SFG340

CR 1.0 235 405 40 1.9  85SFG390

1.0 290 446 37 1.9  65SFG440

1.0 197 345 42 1.7  90SFG340

GA 1.0 227 400 38 1.7  65SFG390

1.0 285 442 35 1.7  45SFG440

CR: Cold-rolled steel sheet,  GA: Galvannealed steel sheet

Tensile specimen: JIS No.5, Transverse direction

TcTcT :  Critical temperature for anti-secondary work embrittlement in the flanging test of drawn-cup with the cup-

height of 35 mm and the drawing ratio of cup diameter to blank diameter, 2.1 for 340 grade and 2.0 for 390 

and 440 grade
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toward automobile weight reduction, SFGHITEN can be 
applied as a high tensile strength material for automo-
tive exposed panels, which has been considered the most 
diffi cult application. Because this product possesses the 
properties necessary in exposed panels, including not 
only strength, but also deep drawability, surface preci-
sion after press-forming (shape-fi xing property), coated 
surface quality, and resistance to secondary embrittle-
ment, it is also capable of meeting the future needs of 
automobile weight reduction.
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