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The effect of austenite grain size on martensitic transformation, particularly with regard to martensite

structure, Ms/Mf temperatures, and mechanical properties was investigated in 0.1C–5Mn martensitic

steel. Utilizing a newly developed experimental technique that makes it possible to examine phase trans-

formation behavior and conduct tensile testing with the same specimen, we examined these relationships

and obtained the following results. Ms temperature decreases as much as 40 K with a decrease in aus-

tenite grain size from 254 to 30 µm. Regarding martensite structure, the packet size and the block length

decrease, while the lath width does not change, with the refinement of austenite grain size by about one

tenth. Grain boundary density, especially high-angle grain boundary density, increases with decreasing

austenite grain size. Tensile strength slightly increases though austenite grain size decreases about one

tenth. However, reduction in area significantly improves particularly at refined grain sizes of 30 µm. True

stress - true strain curves obtained up to fracture elucidates that the austenite refinement substantially

improves true fracture strength and greatly increases true fracture strain of martensite, potentially invali-

dating the conventional concept of a trade-off between strength and ductility. Low C–5Mn martensitic

steel produced from fine austenite shows a great possibility having an excellent total balance of strength,

ductility and toughness.

KEY WORDS: reduction in area; true fracture stress; true fracture strain; austenite grain size; martensite;

Mn; Ms temperature; dilatometer; image analysis tensile test; fine specimen.

1. Introduction

It is interesting and important to understand how austenite

grain size refinement affects martensitic transformation,

particularly with regard to Ms (start of martensitic transfor-

mation) temperature, microstructural morphology (packet,

block, lath), and overall mechanical properties. Sastri et al.1)

and Maki et al.2) have pointed out that such refinement acts

to lower the Ms temperature. In their study, Sastri et al.

investigated Fe–0.33C–3.26Ni–0.85Cr–0.09Mo–0.23Si–

0.57Mn–0.007S–0.005P steel and found that Ms tempera-

ture decreases from 304°C to 277°C when the austenitizing

temperature changes from 1 200°C to 800°C.

With regard to microstructures, Takaki et al.3) and

Tomimura et al.4) have shown that in a 16Cr–10Ni steel,

martensitic transformation is hindered at austenite grain siz-

es finer than some critical size. Indeed, these researchers

show that such steel does not undergo martensitic transfor-

mation when its austenite grain size is less than 1 µm.

As for mechanical properties, we have yet to see a defin-

itive report on the relationship between austenite grain size

and martensitic transformation. This said, fine martensite is

obtained under ausforming (that is, obtaining martensite

through transformation from work-hardened austenite), and

it is generally believed that fine martensite improves Charpy

impact properties but does not have much effect on tensile

strength.

In the case of low carbon steels, austenite grain refine-

ment promotes the formation of polygonal ferrite at austen-

ite grain boundaries. In other words, the propensity to form

martensite can be decreased by grain refinement. As a con-

sequence, because grain refinement makes it more difficult

to obtain a purely martensite structure, researchers cannot

easily examine relationships among austenite grain size, Ms

temperature, microstructural morphology (packet, block,

lath), and mechanical properties.

Most studies to date concern steels with large Ni addi-

tions to increase hardenability. Often, the Mf (finish of mar-

tensitic transformation) temperature of such steels is lower

than room temperature, thereby necessitating a subzero heat

treatment (i.e., cooling to well below room temperature) to

obtain a purely martensite structure. Note too that large

additions of Ni greatly change the mechanical properties of

low C steels.

A determination of Ms temperature requires a simultane-
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ous measurement of both temperature and volumetric

expansion. This is not easy to do under either (1) water

quenching or (2) subzero heat treatment. Largely because of

such experimental difficulties, it is still not well understood

how austenite grain refinement affects martensitic transfor-

mation, Ms temperature, microstructural morphology, and

mechanical properties.

We have recently been examining 0.1C–5Mn steel,

reporting5,6) that this material offers excellent mechanical

properties in comparison to common martensitic steels (Fe–

0.1C–1.5Mn–0.3Si steel and Fe–0.25C–1.5Mn–0.3Si steel;

Fig. 1).7,8) The most notable feature of this steel is its 5%

Mn content, which increases hardenability and enables

100% martensitic transformation even under air cooling.7,8)

In contrast, with most conventional steels, water quenching

is required to produce a fully martensitic structure (slow

cooling generally produces bainitic structures). This concept

is schematically illustrated in Fig. 2. Also, as the Ms and Mf

temperature range of 0.1C–5Mn steels is 350 to 250°C, sub-

zero heat treatment is not needed to bring about a full trans-

formation. This facilitates the dilatometric measurement of

Ms and Mf temperatures.

Thus, with 0.1C–5Mn steel, it is possible to obtain a fully

(100%) martensitic structure even from fine austenitic struc-

tures. This allows us to easily examine the mechanical prop-

erties of martensitic structures transformed from prior aus-

tenite with a wide range of grain sizes. Here, we note that

austenite grain size refinement potentially offers much con-

trol over the morphology of resulting martensitic structures;

e.g., four packets per austenite grain, one packet per austen-

ite grain, or one block per one austenite grain (single variant

transformation), as shown schematically in Fig. 3.

As-quenched martensite is known to be generally low in

ductility and toughness. As has been pointed out else-

where,9,10) if the austenite grain size is sufficiently fine, the

Ms temperature should be lower than it would be otherwise,

leading to a refinement in the resulting martensite structures.

Here we take a structural point of view, examining the effect

of austenite grain size on Ms temperatures, martensite struc-

ture, and mechanical properties (tensile strength, elongation,

and toughness).

In this study, we mainly focus on precision heat treatment

in conjunction with dilatometric measurement to obtain aus-

tenite with various grain sizes and to determine cooling rates

accurately. This allows us to precisely examine relationships

among various austenite grain sizes, Ms and Mf tempera-

tures, and resulting martensite structures. We also attempt to

obtain mechanical properties directly from dilatometric

specimens and, for this purpose, have developed a dilato-

metric measurement system that is capable of using large

tensile testing specimens. Furthermore, to elucidate the true

underlying mechanical properties, such as the true strain up

to the fracture, it is preferable to use true stress-true strain

curves, and here we applied our newly-developed image

analysis tensile test methods.11)

Through experimental trials, this study attempts to clarify

the effect of austenite grain size on the strength, ductility,

and toughness of 0.1C–5Mn martensitic steel.

2. Experimental

Ingots were produced from steel refined in a vacuum

induction furnace to a composition shown in Table 1. They

were then hot-forged at 1 200°C to rectangular sections fol-

lowed by air cooling. Specimens of 30 mm in length and 3

mm in diameter were machined from these sections and sub-

sequently soaked at different austenitizing temperatures,

where they were held for 10 min followed by cooling at a

cooling rate of 1 K/s. A temperature-thermal expansion

curve was obtained for each specimen by means of a

Fig. 1. Comparison of nominal stress-strain curves: 0.1C–5Mn–

2Si martensitic steel and plain carbon martensitic steel.

Fig. 2. Schematic illustration of CCT diagram showing transfor-

mation behavior to form martensite free of ferrite or bainite

at a slow cooling rate in 0.1C–5Mn steel.

Fig. 3. Schematic illustration of change in martensite morphology

depending on austenite grain size.

Table 1. Chemical composition of the steel used in this study

(wt.%).

C Si Mn P Total Al O ppm N ppm

0.1 1.96 5.02 0.000 0.001 18 5
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dilatometer (Fuji Electric Formastor FII).

Utilized to heat the specimens was a newly developed

induction coil (Fig. 4) that is three times longer than a con-

ventional induction coil. This allowed us to use longer spec-

imens from which we could subsequently prepare fine ten-

sile specimens. To check the temperature distribution along

such specimens, three thermocouples were spot-welded to

each to facilitate temperature measurement during heat

treatment. Change in temperature at three different points on

a typical long specimen is shown in Fig. 5, where the indi-

cations Top, Center and Bottom correspond to locations on

the specimen to which the thermocouples were attached.

The heat treatment regime utilized in this study is shown

schematically in Fig. 6. Specimens were soaked at 900,

1 000, or 1 200°C for 10 min, respectively, followed by cool-

ing at a rate of 1K/s. They were machined to round-shaped,

fine tensile test specimens of φ1 × 5 mm gauge length (Fig.

7). Tensile tests were conducted on those specimens at room

temperature under a strain rate of 0.5 mm/min.

Also prepared were Charpy impact specimens, which

were also soaked at 900, 1 000, or 1 200°C for 30 min fol-

lowed by air-cooling.

The microstructures of the specimens were examined by

scanning electron microscopy and electron backscatter dif-

fraction (EBSD). The EBSD examination consisted of grain

boundary mapping at an acceleration voltage of 15 kV and

step size of 0.6 µm over a 280 × 500 µm area.

3. Results and Discussions

3.1. Relationship between Austenite Grain Size and Ms

Temperature

Figure 8(a) shows change in temperature with time dur-

ing cooling under dilatometric testing. We note that cooling

rate (1 K/s) is stable down to room temperature, even with

a martensitic transformation starting around 340°C (the

transformation is exothermic, making it somewhat difficult

to maintain a constant cooling rate through it12)). Figures

8(b), 8(c), and 8(d) show dilatation curves as a function of

temperature under three different conditions (holding at

1 200°C, 1 000°C, and 900°C, respectively), where (b)

shows curves indicating Ms, M50%, and Mf, (c) shows

curves set together at Ms, and (d) shows curves set together

at Mf. We discuss the relationship between austenite grain

size and Ms, M50%, and Mf temperatures later. Apparent

among these three curves is some difference in absolute dil-

atation value. This is attributed to two sources of error: (1)

hysteresis in the operation transducer, and (2) slight non-

vertical alignments (i.e., tilting) of the specimens.

In the case of the transformation from austenite to mar-

tensite, the crystallographic structure of austenite and that of

martensite satisfy the K-S relationship, under which 24 vari-

ants can be produced from one austenite grain. In this study,

by focusing on adjacent blocks, prior austenite grains were

determined by identifying identical variants among the 24

Fig. 4. Newly-designed large induction coil, shown by an arrow,

attached to thermal dilatometer. Fine tensile test specimens

are fabricated from heat-treated specimens.

Fig. 5. Distribution in temperature at three different points along

30 mm dilatometric specimen: Top, Center, and Bottom

correspond to the locations of spot-welded thermocouples

on the specimen.

Fig. 6. Schematic diagram showing three heat treatment cycles on

specimens.

Fig. 7. Fine tensile test specimen machined from a heat-treated

specimen.

900ºC 

x10min 

1000ºC 

x10min 

1200ºC 

 x10min 
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variants. The martensite microstructures of austenitized

specimens at 1 200°C, 1 000°C, and 900°C are presented in

reference to EBSD orientation maps, as shown in Fig. 9. Pri-

or austenite grain boundaries were represented here by black

lines. All blocks inside each grain boundary have a K-S rela-

tionship with each other. Average austenite grain sizes are

determined by the linear intercept method to be 245 µm, 84

µm, and 30 µm, respectively.

Grain boundary maps of the three different martensitic

structures are shown in Fig. 10. In this figure, colored lines

are used to represent three groups of different misorienta-

tions: pale blue for 1.5° < θ < 5°, blue for 5° < θ < 15°, and

red for 15° < θ, where θ is the misorientation angle. From

Figs. 9 and 10, when austenite grain size is reduced to 30

µm, the observed martensite is found to be conventional in

morphology, consisting of packets and blocks. Bright field

images from transmission electron micrography are shown

Fig. 8. Change in temperature with time during cooling stage of dilatometric testing: (a) time-temperature curves as a

function of temperature for three different conditions (soaking at 1 200°C, 1 000°C, or 900°C); (b) dilatation

curves indicating Ms, M50%, and Mf; (c) dilatation curves set together at Ms; and (d) dilatation curves set together

at Mf.

Fig. 9. Crystal orientation maps of three different martensite struc-

tures, with average (prior) austenite grain sizes, dγ, of 245,

84, and 30 µm, respectively. Black lines indicate prior aus-

tenite grain boundaries.

Fig. 10. Grain boundary maps of three different martensite struc-

tures, with average austenite grain sizes of 245, 84, and 30

µm, respectively. Pale blue line for 1.5° < θ < 5°, blue line

for 5° < θ  < 15°, and red line for 15° < θ, where θ is mis-

orientation angle.
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in Fig. 11 for the three different martensite structures. Pack-

et sizes are schematically shown in Figs. 11(a), 11(b) and

11(c). Packet size clearly becomes smaller with decreasing

austenite grain size.

From this figure it can be seen that as the austenite grain

size decreases, the packet size and the block length

decrease, while the lath width changes only slightly, sug-

gesting that the HV value for each specimen is almost the

same. This result is in good agreement with the EBSD

observation in Fig. 10. This almost agrees with the result by

Morito et al.9) Since block length generally corresponds to

the width of packet, block length becomes smaller. Block

corresponds to the same color region in austenite grain in

Fig. 9. The width of block, thus, seems not change so much

among the three kinds of microstructures from both data of

Figs. 9 and 10. Lath does not seem to change in its width

among the three kinds of microstructures as shown in Fig.

11. As for block width, further detailed variant analysis

needs to be conducted.

Figure 12 shows the relationship between austenite grain

size and Ms, Mf, and M50% temperatures. In the figure, HV

values are indicated together with change in Ms, Mf, and

M50% temperatures. We note that as austenite grain size

decreases, Ms and Mf temperatures decrease gradually (or,

in the case of a 30 µm austenite grain size, they decrease

significantly).The M50% temperature, on the other hand, stays

fairly constant. The reason that the HV does not change

much with decreasing austenite grain size seems to be relat-

ed to the observation that the M50% temperature does not

change much either (an assumption here is that M50% is pro-

portional to dislocation density). Bhadeshia et al. have also

pointed out that Ms temperature changes with austenite grain

size and it is difficult to obtain accurate Ms temperature.12)

They explained that the volume fraction of martensite

formed in an early stage of transformation is proportional to

the cube of austenite grain size. Thus, when the austenite

grain size is large, the fraction of transformation needed to

detect Ms is reached at a smaller degree of undercooling.12)

The reason why Ms and Mf points decrease as the austenite

grain size is decreased can be explained as follows based on

Fig. 11. Bright field images from transmission electron microgra-

phy of three different martensite structures, with average

austenite grain sizes of (a) 245 µm, (b) 84 µm, and (c) 30

µm.

Fig. 12. Relationship between austenite grain size and Ms (mar-

tensite start) temperature, M50% (50% martensite volume

fraction) temperature, and Mf (martensite finish) tempera-

ture.

Fig. 13. (a) Relationship between grain boundary density and aus-

tenite grain size for three different angle boundary groups:

1.5° < θ  < 5°; 5° < θ  < 15°; 15° < θ, where θ  is a misori-

entation angle. (b) Ratio of high angle grain boundary

density (θ > 15°) of all grain boundary groups as a func-

tion of austenite grain size.
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the reference3): When the austenite grain size is large, multi-

variant blocks form to minimize the total volume expansion

accompanied with the martensitic transformation. As a

result, the elastic strain energy generated with the transfor-

mation becomes small. However, the variant selection is

restricted with decreasing the austenite grain size, and there-

fore, the relaxation of volume expansion becomes insuffi-

cient and the elastic strain energy becomes large. The com-

pensation of this elastic strain energy by chemical free

energy change is necessary for the nucleation of martensite,

and therefore, super-cooling is needed. Thus, with decreas-

ing the austenite grain size, more super-cooling is required.

Next, we examined the change in boundary density with

austenite grain size. Boundary density is defined as total

boundary length divided by measured area. In Fig. 13(a),

three classifications of grain boundary densities are repre-

sented as a function of austenite grain size: 1.5° < θ < 5°;

5° < θ < 15°; and 15° < θ. It is interesting to note that as aus-

tenite grain sizes decrease, densities increase for all three

classifications. The fraction of high-angle (15° < θ ) grain

boundaries is also found to increase with decreasing austen-

ite grain size, as shown in Fig. 13(b). The graph of 1.5° <

θ corresponds to the denomination of the graph of D (15° <

θ )/D(1.5° < θ ) in Fig. 13(b). It is interesting that smaller aus-

tenite grains assist in the generation of high angle boundaries.

3.2. Mechanical Properties

3.2.1. Tensile Properties

Nominal stress-nominal strain curves for three martensite

structures produced with different austenite size are shown

in Fig. 14. These three martensite structures have 1 400

MPa-class high strength. In detail, the microstructure with

smaller austenite grain size has slightly higher tensile

strength. However, total elongation is somewhat different.

Total elongation increases with decreasing austenite grain

size. A difference in reduction in area among the three kinds

of specimens is also apparent upon comparing the edge of

fractured specimens (Fig. 15). When the austenite size is 84

µm or larger, the reduction in area is almost the same. How-

ever, when the austenite grain size is 30 µm, the reduction

in area drastically increases as shown in Fig. 15.

Figure 16 shows true stress-true strain and work-hardening

rate curves for the three different microstructures observed

by image analysis tensile testing,11) which can reveal true

stress-true strain behavior up to fracture (conventionally,

this curve is limited up to the start of necking, as has been

reported by Wang et al.10)). Our results show that the cross

point between the true stress and the work-hardening rate

(true tensile strength) increases with decreasing austenite

grain size. The end of each true stress-true strain curve

means true fracture stress and true fracture strain. Also, aus-

tenite grain size refinement substantially improves true frac-

ture stress and greatly increases true fracture strain, poten-

tially invalidating the conventional concept of a trade-off

between strength and ductility. The fact that the tensile

strength does not change so much among the three micro-

structures is in good agreement with the TEM data of Fig.

11, where lath width stays essentially constant with decreas-

ing austenite grain size while packet size and block length

decrease with decreasing austenite grain size. In this case,

however, this difference in ductility (fracture strain) cannot

be explained in terms of grain boundary density because

ductility generally decreases with an increase in grain

boundary density. Instead, the difference here is believed to

be related to a refinement of packet and block sizes.

Well-known nucleation sites for void formation are inclu-

Fig. 14. Nominal stress-nominal strain curves for three martensite

structures formed from austenite of differing grain sizes:

245 µm, 84 µm, and 30 µm.

Fig. 15. Reduction in area, Ψ(%) and fracture surface of tensile

specimens of three martensite structures formed from aus-

tenite of different grain sizes, 245, 84, and 30 µm.

Fig. 16. True stress-true strain and work-hardening rate curves for

three martensite structures formed from austenite of dif-

fering grain sizes: 245, 84, and 30 µm. In this graph, true

stress and work-hardening rate vs. true strain curves up to

fracture are shown.
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sions, second phases, and boundaries. Since there are few

inclusions or second phases (cementite, etc.) in the steels

used in this study, only grain boundaries are thought to offer

a significant number of nucleation sites for void formation.

Grain boundaries can be attributed to prior austenite bound-

aries, packet boundaries, and block boundaries.

Dislocations introduced by deformation accumulate at

packet boundaries. One possible explanation for the increase

in local ductility (reduction in area) with decreasing austenite

grain size is as follows. Accumulated dislocations at packet

boundaries lead to void formation. According to the Hall-

Petch theory, at an equal quantity of dislocations, dislocations

accumulate less at the boundaries of smaller grains. There-

fore, a refinement of packet size increases the amount of

deformation necessary for void formation. This would help

to explain why a decrease in packet size led to an increase

in a reduction in area and local elongation in this study.

Regarding void growth, McClintock13) has indicated that

in the case of ductile fracture, a ductile crack propagates due

to an increase in tri-axial stress, which enlarges a void at the

propagating crack tip where it coalesces, leading to further

crack propagation. However, when the size of the grain con-

taining the void is small enough, the stress required for the

void growth increases, thereby retarding crack propagation,

which fact expresses itself as an enhancement of a reduction

in area and local elongation.

3.2.2. Charpy Impact Properties

Specimens machined to dimensions of 17 × 17 × 100 mm

were heat-treated in a manner similar to the Formastor treat-

ment but with a different annealing time (30 min instead of

10 min) and air cooling instead of controlled cooling at a

rate of 1 K/s. This is because the large volume of the spec-

imens necessitates a longer soaking period. The austenite

grain size of each Charpy impact specimen was examined

and confirmed to be of the same level as that of correspond-

ing smaller specimens.

Crystallinity and absorption energy in Charpy impact test-

ing are plotted as a function of test temperature in Figs.

17(a) and 17(b), respectively.

The change in crystallinity does not differ much among

austenite grain sizes down to roughly 80 µm. When the aus-

tenite grain size is 30 µm, however, crystallinity decreases

drastically, as shown in Fig. 17(a). Absorption energy

increases when the austenite grain size is 30 µm, in compar-

ison with the austenite grain sizes of 80 µm or larger, as

shown in Fig. 17(b).

According to Yaffee as described in Morris’s paper,14)

when the cleavage fracture stress is higher than the flow

stress, the material fractures in a ductile manner. Converse-

ly, when the cleavage fracture stress is lower than the flow

stress, the material fractures in a brittle manner.

According to the Griffith theory,15) cleavage fracture

stress depends on crack size and fracture surface energy, as

shown in the following equation.

............................... (1)

Here, σ F is cleavage fracture stress, γ is cleavage fracture

surface energy, E is Young’s modulus, and r is crack size.

In a previous study, we demonstrated that effective grain

size, corresponding to crack size in the Griffith theory, has

a dramatic effect on fracture stress in terms of dEFF
–1/2, as

shown in Fig. 18 from references.16,17) These fracture stress

values in Fig. 18 are determined as follows. When we

assume that fracture stress is independent of temperature

and becomes equal to the flow stress at the ductile-brittle

transition temperature (DBTT), we can estimate the fracture

stress by taking yield stress to be the flow stress at the

DBTT.

σ
γ
πF

E

r
=

4

Fig. 17. (a) Change in crystallinity as a function of Charpy impact

test temperature for three martensite structures formed

from bulk austenite of differing grain sizes, (b) Change in

absorbed energy as a function of Charpy impact test tem-

perature for three martensite structures formed from bulk

austenite of differing grain sizes.

Fig. 18. Comparison of cleavage fracture stress as a function of

effective grain size between martensitic steel, ultra-fine

grained steel, and ferrite/pearlite steel.15,16)
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The surface energy of cleavage fracture in the martensite

structure is the highest in comparison to ferrite and pearlite

structures, as shown in Fig. 18. In the figure, two dotted

lines are shown as a reference; plastic fracture surface

energy20) and fracture surface energy of ferrite.21) It has ear-

lier been confirmed that grain refinement of prior austenite

increases upper shelf energy and decreases DBTT. Similar

experimental results (in which it is shown that grain refine-

ment of tempered martensite decreases DBTT) have been

demonstrated for quenched and tempered specimens, as can

be seen in Refs. 18) and 19). However, they do not clearly

elucidate any mechanism under which effective grain size

would exert some control over impact properties. Our

results indicate the potential of grain refinement of prior

austenite for the simultaneous and total balancing of prop-

erties relating to martensite structure, including strength,

ductility, and toughness.

From an examination of Charpy fracture surfaces, the

effective grain size for specimens with an austenite grain

size of 84 µm and 30 µm has been estimated to be about 30

µm and 10 µm, respectively. Those two data sets are super-

imposed on Fig. 18, from which we note that the specimen

with a 30 µm austenite grain size has a cleavage fracture

stress of about 1 600 MPa, while that with an 84 µm austen-

ite grain size has a fracture stress of about 920 MPa.

When the austenite grain size is 30 µm, the flow stress is

lower than the cleavage fracture stress (1 600 MPa). On the

other hand, in the case of the 84 µm specimen, the flow

stress is higher than the cleavage fracture stress (920 MPa).

The crystallinity of the 30 µm specimen at room tempera-

ture is much lower than that of the 84 µm specimen. As a

result, the absorption energy of the 30 µm specimen is high-

er than that of the 84 µm specimen.

If the steel has a low carbon content, interaction between

carbon atoms and dislocations in the martensite matrix is

slight, and so flow stress, or yield stress, does not become

particularly high. On the other hand, when austenite grain

size is reduced, fracture stress becomes higher. Because of

these factors, martensite formed from small austenite grains

tends to have a higher fracture stress and a higher true frac-

ture strain, resulting in no early fracture. In addition, since

the matrix contains carbon in solution, it has a high strength.

In other words, to obtain steel with high strength, high duc-

tility, and high toughness, it is beneficial for the matrix to

consist of low-carbon, martensite produced from austenite

of the smallest possible grain size. We believe this to be one

principle for innovative steel creation and consider 0.1C–

5Mn to be a good composition with which to manifest this

principle.

4. Conclusions

In this study, 0.1C–5Mn steel is used to examine the rela-

tionship between prior austenite grain size, microstructure,

transformation behavior and the mechanical properties of

resulting martensite structures with a precise dilatation

method and newly developed tensile test method. The fol-

lowing conclusions are obtained.

(1) In the 0.1C–5Mn steel, Ms and Mf are found to

decrease with decreasing the austenite grain size; with aus-

tenite grain size from 245 µm to 30 µm, Ms from 380°C to

340°C, and Mf from 200°C to 170°C.

(2) With the refinement of austenite grain size, to about

one tenth, the packet size and the block length decrease,

while the lath width does not change.

(3) Grain boundary density, especially high-angle grain

boundary density, increases with decreasing austenite grain

size.

(4) In spite of austenite refinement by about one tenth,

the tensile strength increases very slightly, but the reduction

in area increases significantly.

(5) True stress - true strain curves obtained up to frac-

ture elucidates that the austenite refinement substantially

improves true fracture strength and greatly increases true

fracture strain of martensite, potentially invalidating the

conventional concept of a trade-off between strength and

ductility.

(6) The crystallinity decreases drastically when the aus-

tenite grain size becomes smaller down to 30 µm.

(7) Low C–5Mn martensitic steel produced from fine

austenite has an excellent total balance of strength, ductility

and toughness.
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