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a b s t r a c t

The microstructural control of tool steel (SKD11) by laser melting and friction stir processing (FSP) was

studied. A nanometer-sized microstructure consisting of fine M7C3 carbide (particle size: ∼100 nm) and

a matrix (grain size: ∼200 nm) was successfully fabricated by the FSP on the laser treated SKD11. The

nanostructured SKD11 had an extremely high hardness of about 900 HV even with its relatively high

amount of retained austenite.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Tool steels are indispensable materials in various industrial

fields, and are used for cutting tools, dies, molds, and so on. Tool

steels have been developed through the addition of large amounts

of alloying elements in order to disperse many carbide particles

in iron based matrix. However, the improvement of mechanical

properties, such as hardness, by the compositional modification

has become limited. Furthermore, the amount of alloying elements

should be reduced because of resource savings, cost reduction, and

recyclability requirements.

Recently, much attention has been paid to structural refinement,

which improves the mechanical properties of metallic materials. It

is well known that the grain refinement of the matrix increases

strength and hardness in accordance with the Hall–Petch rela-

tion. Several severe plastic deformation (SPD) processes have been

developed to reduce the grain size of various metallic materials

[1–4]. However, the grain refinement of tool steels by a represen-

tative SPD process, such as Equal-Channel Angular Pressing (ECAP)

and Accumulative Roll Bonding (ARB), is quite difficult because of

the high deformation resistance of tool steels. Compared with other

SPD processes, friction stir processing (FSP), which is the same tech-
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nique as friction stir welding (FSW), can be easily used for various

metallic materials [5–9]. A selected area of a metal plate could be

modified by a rotating tool which is inserted into the metal plate,

hence producing a highly plastically deformed zone. The stir zone

consisting of fine and equiaxed grains has excellent strength and

hardness [10,11].

Additionally, the uniform dispersion of the fine carbide particles

is also important for increasing its mechanical properties as well as

helping to extend the lifetime of various steel parts. Though the

exfoliation of the large carbide particles leads to serious defects,

that of the nanometer-sized carbide particles is negligible for gen-

eral applications. Usually, the coarse carbide particles with particle

sizes of several tens of micrometers are dispersed in the matrix of

tool steels. It is difficult to refine the carbide particles by only the FSP

because of their high hardness and thermal stabilities. In this study,

the microstructural control of tool steel by the combination of laser

melting and FSP is investigated in order to form a nanometer-sized

microstructure.

2. Experimental procedure

A commercially available plate of tool steel (SKD11) was used

in this study. The chemical composition of the SKD11 is shown in

Table 1. The surface of the plate was melted by multi-pass laser

heating (1 kW, LASERLINE LDF-1000–750) to produce a rapidly

solidified zone for the FSP. The scanning rate of the laser beam and
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Table 1

Chemical composition of the as-received SKD11.

C Si Mn P S Cu Cr Mo V

1.48 0.29 0.35 0.25 0.01 0.09 11.74 0.85 0.22

(Unit: mass %).

the beam diameter at the surface of the plate were 1000 mm/min

and 1 mm, respectively. The overlap between the pass of the beam

was 0.3 mm. The as-received SKD11 and the laser treated SKD11

were modified by the FSP. The FSP was completely carried out in

the rapidly solidified zone of the laser treated SKD11. The FSP tool

made of hard metal (tungsten carbide based alloy) had a colum-

nar shape (�12 mm) with a probe (�4 mm, length: 0.5 mm). No

detectable chips and cracks were found on the surface of the tool

after the FSP by optical microscopy observation. A constant tool

rotating rate of 400 rpm was adopted and the constant travel speed

was 400 mm/min. A tool tilt angle of 3◦ was used. The microstruc-

tural control process by the laser melting and the FSP is illustrated

in Fig. 1.

Transverse sections of the as-received and treated SKD11 were

mounted and then mechanically polished. The distribution and

the size of the carbide particles were first observed by optical

microscopy. The particle size of the carbide and the grain size

of the matrix were then evaluated by TEM (JEOL JEM-2100). The

chemical composition of the carbide particle was measured by

STEM-EDS (JEOL EM-24511SIOD, JED-2300). The crystal structures

of the matrix and the carbide particles were identified by XRD

(Rigaku RINT2500 V). The microhardness was measured using a

micro-vickers hardness tester (Akashi HM-124) with a load of

300 g.

3. Results and discussion

3.1. Microstructure of the laser treated SKD11

The rapidly solidified zone fabricated by the laser melting could

be clearly confirmed in Fig. 2(a). The unique shape of the zone
was formed by the laser lapping. There were many coarse car-

bide particles in the matrix of the as-received SKD11 as shown

in Fig. 2(b). On the other hand, no coarse carbide particles could

be confirmed in the rapidly solidified zone. The carbide formed a

fine dendritic structure as shown in Fig. 2(c). The microhardness

was increased from 260 to 473 HV by the microstructural change

from the annealed structure to the rapidly solidified structure. Fig. 3

shows TEM images of the dendritic carbide. The dendritic struc-

ture consisted of fine carbide particles with a size less than 1 �m.

It is considered that the carbide particles were crystallized on the

grain boundary during the rapid solidification. Fig. 4 shows an STEM

image and element mapping data of chromium and iron in the car-

bide. The correlation of the STEM image and the distribution of

chromium suggest that the particle is basically chromium carbide.

Fig. 1. Schematic of the microstructural control by the laser melting and the FSP.
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Fig. 2. OM images of (a) cross section of the laser treated SKD11, (b) enlarged image of the untreated zone, and (c) enlarged image of the rapidly solidified zone.

Fig. 3. TEM images of (a) dendritic carbide structure and (b) enlarged image of (a).

3.2. Nanostructured SKD11 fabricated by the combination of the

laser melting and the FSP

Fig. 5 shows a cross section of the SKD11 treated by the combina-

tion of the laser melting and the FSP. The structures were completely

different among the untreated zone, the laser treated zone and the

Laser + FSPed zone. There were no coarse carbide particles and den-

tritic carbide structure in the FSPed zone as shown in Fig. 6(a). The

carbide particles and the grains of the matrix became much smaller

with sizes ∼100 and ∼200 nm, respectively. The authors have stud-

ied the grain refinement of various metals by the FSP and found

that the FSP with small reinforcements, such as SiC particles, MWC-

NTs, and fullerenes, more effectively made the grains finer due to

the enhancement of the induced strain and the pinning effect dur-

ing the FSP [12–15]. In this study, the fine carbide particles formed

by the laser melting played the same role. The carbide particles

were smashed by the rotating tool during the FSP. Additionally, the

segregated carbide particles were uniformly dispersed by the fric-

tion stirring. However, it is difficult to fabricate the nanostructural

SKD11 without laser melting. Fig. 7 shows the microstructure of

the FSPed SKD11 without laser melting. Several coarse carbide par-

ticles, which were about 10 �m in size could be confirmed as shown

in Fig. 7(a). The size of the well refined carbide particles was also rel-

atively coarser compared to the SKD11 treated by the combination

of laser melting and FSP as shown in Fig. 7(b).

Fig. 8 shows the XRD patterns of the as-received and the vari-

ously treated SKD11s. The main microstructural constituent of the

treated SKD11 was found to be martensite. In particular, there was

no peak of austenite in the FSPed SKD11 without laser melting. On

the other hand, a relatively large amount of retained austenite was

confirmed in the laser melted SKD11, regardless of the FSP. It is

considered that the austenite was stabilized by the solution of car-

bon and chromium in the matrix by laser melting. The carbide was

identified as the M7C3 type in all samples. The peak attributed to

the carbide formed by laser melting was shifted to a high angle

as shown in Fig. 9. The peak shift indicated that the carbide was

Fig. 4. STEM image and element mappings of the dendritic carbide structure.
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Fig. 5. OM image of the cross section of the SKD11 treated by the combination of

the laser melting and the FSP.

Fig. 8. XRD patterns of the as-received SKD11 and the various treated SKD11s.

Table 2

Chemical composition of the carbides measured by STEM-EDS.

C Cr Fe Mo

FSP 45.82 30.56 23.16 0.46

Laser 46.90 21.66 30.18 1.26

Laser+FSP 37.60 26.28 33.44 2.68

(Unit: at %).

melted during the laser process and captured metal elements, such

as iron and molybdenum, from the matrix. The composition of the

carbide measured by STEM-EDS supports the XRD results as listed

in Table 2.

The microhardness depth and horizontal profiles for the treated

SKD11 are shown in Fig. 10 and 11, respectively. The microhardness

at 0.25 mm from the surface was measured for the horizontal pro-

file. The SKD11 treated by the combination of laser melting and the

FSP, notwithstanding its large amount of retained austenite, had a

Fig. 6. Microstructure of the SKD11 treated by the combination of the laser melting and the FSP. (a) OM image, (b) TEM image, and (C) enlarged image of (b).

Fig. 7. Microstructure of the FSPed SKD11 without the laser melting. (a) OM image and (b) TEM image.
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Fig. 9. XRD patterns of the carbides.

Fig. 10. Microhardness depth profiles of the cross section of the as-received SKD11,

the laser treated SKD11, the FSPed SKD11, and the SKD11 treated by the combination

of the laser melting and the FSP.

Fig. 11. Microhardness horizontal profiles of the cross section of the FSPed SKD11,

and the SKD11 treated by the combination of the laser melting and the FSP.

Fig. 12. OM image of the carbides accumulation near the surface of the FSPed SKD11.

large area with an extremely high hardness of about 900 HV which

should be the highest hardness possible for the SKD11. It is con-

sidered that the nanostructure consists of fine grains of the matrix

(grain size: ∼200 nm) and well distributed fine carbide particles

(particle size: ∼100 nm) that led to such a high hardness. Usually,

the toughness and corrosion resistance of the austenite is better

than those of the martensite. The SKD11 treated by the combination

of the laser melting and the FSP seems to be a suitable material for

various parts which are used under severe conditions. Though the

hardness of the FSPed SKD11 was similar to that of the FSPed SKD11

with the laser melting near the surface, it should be reflected by the

formation of the martensite and the accumulation of the coarse car-

bide particles which were blown up by the plastic flow during the

FSP as shown in Fig. 12.

Figs. 11 and 12.

4. Conclusions

The matrix grains and carbide particles of the SKD11 were signif-

icantly refined by the laser melting and the FSP. The microstructure

and microhardness were evaluated by observations of the grain size

and phase of the matrix, and the size and dispersion of the carbide

particles. The obtained results can be summarized as follows.

The nanometer-sized microstructure consists of a fine carbide

(particle size: ∼100 nm) and matrix (grain size: ∼200 nm) as fabri-

cated by the combination of laser melting and the FSP.

The carbide is the M7C3 type for the FSPed SKD11 with and with-

out laser melting. The carbide formed by laser melting includes

a high amount of iron and molybdenum when compared to that

formed by the FSP without laser melting.

The microstructural constituent of the laser treated SKD11 with

and without the FSP is martensite and the retained austenite.

The nanostructured SKD11 has an extremely high hardness of

about 900 HV even with its relatively high amount of retained

austenite.
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