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Abstract The influence of secondary carbides precipita-
tion and transformation on the secondary hardening of laser
melted high chromium steels was analyzed by means of
scanning electron microscopy, transmission electron
microscopy, and X-ray diffraction. The microstructure of
laser melted high chromium steel is composed of austenite
with supersaturated carbon and alloy elements and granular
interdendritic carbides of type M,3;Cq. Secondary harden-
ing of the laser melted layer begins at 450 °C after tem-
pering, and the hardness reaches a peak of 672HV at
560 °C and then decreases gradually. After tempering at
560 °C, a large amount of lamellar martensite was formed
in the laser melted layer with a small quantity of thin
lamellar M3C cementite due to the martensitic decompo-
sition. The stripy carbides precipitating at the grain
boundaries were determined to be complex hexagonal
M;C; carbides and face centered cubic M,3Cg¢ carbides. In
addition, the granular M,3C¢ carbides and fine rod-like
shaped M-,C; carbides coexisted within the dendrites. As a
result, the combined effects of martensitic transformation,
ultrafine carbide precipitations, and dislocation strength-
ening result in the secondary hardening of the laser melted
layer when the samples were tempered at 560 °C.

Introduction

High chromium steels have been considered candidate
materials for wear-resistance components in mining and
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materials industry because of their excellent abrasion
resistance imparted by the hard eutectic alloy carbides
present in the microstructure [1]. However, reticular brittle
carbides precipitated along the grain boundaries (GBs) are
quite stable and are difficult to change by heat treatment.
The casting subjected to conventional heat treatment trends
to crack due to the poor thermal conductivity of high
chromium steels. Especially, the zonal distribution of car-
bides reduces ductility and limits the application of high
chromium steels.

In recent years, advanced rapid solidification technol-
ogies such as surface melting employing laser beam and
electron beam have been reported to be feasible routes for
enhancing the surface properties of high carbon and alloy
steels [2-6]. Among these surfacing techniques, laser
surface melting (LSM) is the simplest and most eco-
nomical treatment method. It does not involve change in
the overall chemical composition and no additional pre-
cious metals are needed. Another advantage of LSM over
conventional heat treatment is its capability for localized
treatment of a selected part of a surface, leaving the other
parts unaffected. Direct irradiation of a solid surface by a
laser beam results in rapid melting and solidification with
heating and cooling rates up to 10~ 10°K/s. These rates
promote mixing, rapid diffusion and the formation of
amorphous and microcrystalline surface layers, which
consequently improve mechanical performance of mate-
rial surfaces. Furthermore, owing to the high cooling rates
in LSM, traditional transformations are often inhibited,
and instead the molten pool undergoes a non-equilibrium
solidification process and a large amount of austenite
forms [7, 8].

For many applications, the components are heat-treated
prior to service. Especially, adopting the tempering treat-
ment reduces cost and avoids distortion and fissuring of the
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casting [9]. Until now, several studies on the precipitation
and transformation of secondary carbides in the as-cast
high carbon and alloy steels have been performed [10-13].
Studies of the tempering behavior of the non-equilibrium
microstructures after LSM are scarce, but they have shown
that secondary hardening can be achieved and, more
importantly, that the hardness and the secondary hardening
temperature are higher than after conventional quenching
and tempering treatments [14, 15]. Hence, before practical
applications further studies of the hardening behavior of
the laser melted steels are necessary.

This study aims to give a further insight into the
microstructure in the laser melted layer subjected to tem-
pering at the secondary hardening temperature, and to
identify the influence of secondary carbides precipitation
and transformation on the secondary hardening of laser
melted high chromium steels subjected to tempering.

Experimental procedure

As-received high chromium steel with a chemical compo-
sition in wt%: 1.09C, 10.48Cr, 1.24Si, 0.53Mn, 0.56Ni,
1.04Mo, 0.39V, 0.031P, 0.017S, balance Fe, was machined
to the rectangular shape of 50 x 20 x 10 mm. LSM was
performed using a continuous wave CO, laser, with argon
as shielding gas to minimize oxidation. A laser power of
2.7 kW at the workpiece with a beam size of 3 mm in
diameter and beam scanning velocity of 5 mm/s was used.
After LSM, the specimens were tempered for 2 h at tem-
peratures of 300-650 °C. For metallographic examination,
cross-sections of specimens were polished and etched in
4% nital and in chloroazotic acid, respectively. The
microstructure of specimens was observed by scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM). The phases present in the laser melted
and tempered layers were studied by X-ray diffraction
(XRD). Vickers microhardness tests were performed with a
load of 200 g.

Results and discussion
Microstructure of the laser melted layer

According to the previous work [16], the microstructure of
the as-received high chromium steel essentially consists of
tempered martensite and a significant quantity of M,C;
carbides, as shown in Fig. la. In the as-cast condition, the
high alloy contents in high chromium steels inherently give
rise to carbide segregation at the GBs and a coarse-grained
microstructure by conventional casting processing. Conse-
quently, the carbides reduce ductility since they constitute a

Fig. 1 a SEM micrograph of the as-received high chrome steel,
b SEM micrograph of the laser melted layer at low magnification, ¢ at
high magnification

favorable propagation path for the mechanical and thermal
fatigue cracks [17].

As shown in Fig. 1b, large brittle carbides were com-
pletely dissolved and dense ultrafine austenitic dendrites
were formed in the melted layer. Ultrafine granular car-
bides at GBs can be seen at high magnification in Fig. Ic,
which are revealed to be face centered cubic (FCC)
M,5C¢ in the previous work [16]. In this and all similar
examples to follow, the capital letter M refers to metallic
elements that can form carbides. Typical carbide forming
elements include, but are not limited to Fe, Cr, Mo, and V
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Fig. 2 XRD patterns of the laser melted layer

in this work. Furthermore, the austenite in the melted
layer is strengthened by solid solution, dislocations, and
ultrafine grains, which are likely to contribute to the
relatively high hardness compared with the conventional
austenite.

The XRD analysis of laser melted high chromium steel
indicates that the microstructure of the melted layer is
composed of austenite (Fig. 2). Actually, the mean lattice
parameters of the FCC austenite phase amounts to
0.36206 nm with the precision level of 0.00001. Compar-
ison of the experimentally determined d spacings with
those given in the standard X-ray powder diffraction data
indicates that the lattice parameters of austenite in the
melted layer are greater than the normal lattice constant of
austenite (0.3585 nm) [18]. The increase of the lattice
parameter suggests that a significant dissolution of alloying
elements, such as C, Cr, Mo, and V, commenced in the
austenite. The existence of austenite may be attributed to
the low martensite start (Ms) temperature, the high con-
centration of austenite stabilizing elements such as Cr, Mo,
and V [19].

Secondary hardening during tempering

Hardness curves of the laser melted layers after tempering
at different temperatures are shown in Fig. 3. The whole
process of secondary hardening can be described in the
following four stages: (1) the hardness begins to ascend
when tempered at 450 °C, (2) the hardness increases more
quickly with tempering temperature higher than 500 °C,
(3) the maximum hardness can be obtained after tempering
at 560 °C, and (4) when the tempering temperature exceeds
600 °C, the hardness of the laser melted layer descends
dramatically.
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Fig. 3 Hardness of the laser melted layer vs tempering temperature

Effect of phase transformation on the secondary
hardening

Secondary carbides precipitation

According to XRD in Fig. 4, the laser melted layer appears
to be a mixed martensite—austenite structure after temper-
ing at 560 °C for 2 h, while no carbide peaks are found in
XRD patterns due to the low weight percent of carbides. As
shown in Fig. 5a, structural characteristics of the laser
melted layer after tempering at 560 °C change dramatically
compared with those shown in Fig. 1b. It could be noted
that fine lamellar carbides are precipitated at the GBs with
the thickness of approximately 200-500 nm as shown in
Fig. 5b. However, it is difficult to confirm the style and
structure of the precipitates by SEM.
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Fig. 4 X-ray diffractograms of the laser melted layer after tempering
at 560 °C
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Fig. 5 a Optical micrograph at low magnification of the laser melted
layer tempered at 560 °C, b SEM micrograph of carbides etched in
chloroazotic acid

TEM examinations give more information on the sec-
ondary hardening carbides. According to the selected area
electron diffraction (SAED) pattern in Fig. 6a, these stripy
carbides at GBs are determined to be complex hexagonal
M;C; carbides (Fig. 6a, b) and FCC M,;C¢ carbides
(Fig. 6c, d). In addition, the fine rod-like shaped M,C;
carbides (Fig. 7a, b) and the granular M,3Cq carbides
(Fig. 7c, d) coexist within the dendrites.

Laser irradiation leads to the complete dissolution of
M,C5 carbides, and during the subsequent cooling, the
increase in the carbon and alloying elements concentration
in the solid solution contributes to the greater mean lattice
parameter than the normal lattice constant of austenite. As
shown in Fig. 3, the austenite has a high tempering sta-
bility, while the following reasons can be speculated. (1)
The alloying elements preclude solid state transformation
of the austenite and inhibit the precipitation and growth of
carbides [14]. (2) The alloying elements in the austenite
change the size of the interstices of the grains and promote
the diffusive activation energy of atoms [15]. These ele-
ments will precipitate from the austenite in the form of
secondary carbides during tempering at 560 °C. This pro-
cess is controlled by the diffusion of alloying elements
such as Cr, Mo, and V within the austenite. According to

150KV X30000

150KV X60000

Fig. 6 TEM micrographs of the stripy intragranular carbides a M;C;
carbides and b its SAED patterns, ¢ M,3Cq¢ carbides and d its SAED
patterns

the phase diagram of Fe—C—Cr [20], the complex hexago-
nal M,C; carbide will precipitate from the austenite pref-
erentially, and then the M,C; carbides partially dissolved
followed by the precipitation of the M,3Cq carbides.
Moreover, the another reason for the present of Mj3Cq
carbides is speculated to the direct precipitation from the
austenite, which is explained in terms of the good lattice
matching between austenite and M,3Cq carbides, decreas-
ing the free surface energy and nucleation activation
energy [13, 21].

Martensitic transformation

The TEM observation reveals lamellar cryptocrystalline
martensite within the austenitic dendrites, as shown in
Fig. 8. In addition, morphology and distribution of
cementite (M;C) in the decomposed regions are illustrated in
Fig. 9. As itis can be seen, the M;C carbides are distributed
as some parallel rows, probably perpendicular to the lamellar
martensite. In this particular case, the thin lamellar ortho-
rhombic M3C cementite precipitate with a common orien-
tation and the OR between M;C and martensite is deduced
to be Bagaryatsky relationship: (100)M3C//(110)e/. It is
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Fig. 7 TEM micrographs of carbides along the grain boundaries
a fine rod-like shaped M,C; carbides and b its SAED patterns,
¢ granular M»3C¢ carbides and d its SAED patterns

0.15um

Fig. 8 Cryptocrystalline martensite in the laser melted layer tem-
pered at 560 °C a TEM micrograph, b the SAED patterns

important to note that thin lamellar M3C carbides perpen-
dicular to the lamellar martensite are not the results of au-
stenitic decomposition but those of martensite.

Austenite in the laser melted high chromium steel pre-
sents a very high dislocation density [15, 16, 22] and, as
previously mentioned, it is largely supersaturated in
alloying elements. Segregation of interstitial solute atoms

@ Springer
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Fig. 9 Lamellar M;C precipitated inside martensite a TEM micro-
graph, b the SAED patterns

to austenite dislocations and to dendritic interfaces con-
tributes significantly to stabilizing austenite [14]. However,
after the precipitation of secondary carbide M,3Cg, the
depletion of carbon and chromium contents of matrix
increased the Ms temperature of the austenitic matrix
during subsequently cooling to ambient temperature. This
caused more austenite transform to martensite during air
cooling to ambient temperature. Also, the tempering of the
laser melted layer, causing a residual stress relief of the
material, may also contribute to destabilizing austenite [23]
so that the austenite content in the matrix decreased. Both
these factors are responsible for the secondary hardening at
560 °C. Consequently, in the laser melted tempered high
chromium steels secondary hardening results simulta-
neously from the y — o transformation and the precipita-
tion of carbides within a refined microstructure.

Effect of substructure on secondary hardening

As illustrated in Fig. 10, high-density dislocations and
stacking faults are observed within the retained austenite of
laser melted layer after tempering at 560 °C. Recovery
occurring during reheating caused the density of disloca-
tions to decrease in some degree. However, the dislocations
pinned by the precipitates were relatively stable [24]. Thus,
the dislocation networks in the austenitic matrix were not
completely eliminated by tempering at 560 °C, contribut-
ing to the strength of the laser melted high chromium steel.
As a result, dislocation strengthening is another important
factor for secondary hardening after tempering at 560 °C.

Conclusions
LSM of high chromium steel leads to the complete disso-

lution of brittle M;C; carbides, and the melted layer
consists of austenitic dendrites and interdendritic M53Cq
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Fig. 10 High-density dislocations inside austenite a TEM micro-
graph, b the SAED patterns

carbides particles. The secondary hardening of the laser
melted high chromium steel began at 450 °C after tem-
pering; the hardness reached a peak of 672HV at 560 °C
and then descended dramatically when the tempering
temperature exceeded 600 °C. After tempering at 560 °C, a
large amount of lamellar cryptocrystalline martensite was
formed in the laser melted layer with a small quantity of
thin lamellar M3;C cementite due to the martensitic
decomposition. The M,;C; and M,3C¢ carbides precipitat-
ing at GBs were determined to be stripy. In addition, the
granular M»3C¢ carbides and fine rod-like shaped M,C;
carbides coexisted within the dendrites. Therefore, with
secondary carbides precipitating from austenite and mar-
tensite forming, the hardness of the laser melted steel
increases. Moreover, dislocation strengthening is another
important factor for secondary hardening after tempering at
560 °C.
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