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Abstract

In the study presented in this paper, the effect of a concentrated heat stream on geometry, microstructure, and hardness 
of superficial  remeltings on NC11 steel  is examined. The material  is used  for disposable mold  inserts exposed  to  inten-
sive abrasive wear in the course of the press-molding of hard aggregate stampings for refractory bricks. As a result of 
local remelting, the hardness of the steel surface increased and its microstructure was altered. Macro- and microstructure 
of  the remelted areas was examined with  the use of optical microscopy and measurements of  remelting area geometry 
were carried out for different parameters of the remelting process. Hardness measurements were taken in the remelt-
ing area and in the heat-affected zone. The state of stress in the material before remelting and in the remelted area was  
also evaluated. 
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1. INTRODUCTION 

Bricks of refractory materials used to build foundry 
furnaces are molded from aggregates characterized by 
a high degree of hardness. In the course of the process of 
press-molding stampings for the bricks, aggregate grains 
rub against the metal mold surface which results in its 
wear.  The  wearing  effect  is  intensified  because  of  the 
sharpness of grain edges moved repeatedly in the course 
of the aggregate compacting process. The molds in which 
the stampings of refractory materials are formed are 
made of cold-work alloyed steels. To reduce the manufac-
turing cost and overhauling period, molds are given the 
form of a body with molding cavities which are lined with 
replaceable inserts. In view of the intensity of the wear-
ing process, the lining elements should be characterized 
by a high resistance to abrasive wear. As a result of the 
excessive wear  of mold  inserts,  stampings  of  refractory 

material are prone  to cracking and become unfit  for  the 
next production  stage  (firing).  In view of  stoppages and 
costs due to press retooling and replacement of the in-
serts, it became necessary to look for a solution enabling 
the extension of the service life of the components [1–8].
Extending  the  life  of  new machine  parts  is mainly  by 

means of  the use of new expensive materials  and alloys 
and  their  heat  treatment  [9–13].  Repair  of  damage  or 
the regeneration of parts of machinery worn as a result 
of operation usually involves supplementing the dam-
aged area using powder spraying techniques or 3D print- 
ing [14–18].   The present authors’ experience in the area 
of the local hardening of alloys with the use of a concen-
trated heat stream enabled them to advance the conclu-
sion that, with the use of a laser beam, it would be possible 
to locally alter the microstructure of NC11 steel, increas-
ing its hardness in comparison to the initial material, and 
thus extending the service life of the mold inserts [19–22].
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2. THE RESEARCH 

2.1. Research material 

The  tested  material  was  NC11  steel  containing  about  
12% Cr (Tab. 1). The material is a high-carbon cold-work 
steel designated as NC11, X210CrW12, 1.2436, X210Cr12, 
or 1.2080. NC11 steel is used to manufacture parts of ma-
chines and devices which are required to show high resis-
tance to abrasive wear, e.g. drawing dies, blanking tools, 
threaders,  cutting  tools,  forming dies, and punches  [23].
NC11  steel  is  used  to  fabricate  insert  for  cavities  of 

moulds forming ceramic bricks of refractory materi-
als. The microstructure of NC11 steel comprises a metal 
matrix with very  fine carbides as well  as  long and  thick 
carbide  precipitates.  The  microstructure  of  NC11  steel 
carbides  include  chromium  to  the  extent  of  44% Cr  and 
iron to 88% Fe, as well as manganese from about 0.15% 
to  0.29%  Mn.  The  carbides  differ  in  their  shapes  and 
lengths.  The  length  of  the  carbides  is  from  2  μm,  and 
can  be  as  long  as  120  μm.  The  structure  of  the  matrix 
of  NC11  includes  9%  Cr,  87%  Fe  and  0.23%  Mn  [4].  
The  microstructure  of  the  NC11  steel  used  for  the  
purposes of the present study is shown in its initial state 
in Figure 1. 

2.2. The test setup

The  setup  for  superficial  remelting  tests  comprised  an 
industrial  booth  equipped  with  a  KUKA  robot  arm  and 
a TruLaser ROBOT 5020 turnkey laser (TRUMPF) with the 
maximum power of 4 kW (diode laser with a wavelength 
of 1030 nm, beam diameter 0.9 mm). The setup is dedicat-
ed to developing and testing new technological processes 
as well as carrying out industrial operations such as weld-
ing, cutting, overlay welding, and heat treatment (Fig. 2). 
It is equipped with three independent heads intended for 
welding, cutting, and overlay welding (cladding). 

Due to the fact that a deep penetration of a small width 
is obtained with higher laser power, and these tests require 
surface hardening,  low beam power was used. NC11 steel 
surface remelting tests were performed on specimens with 
dimensions  100 mm  ×  100 mm  ×  16 mm.  Three  remelt-
ing runs were realized at the same laser power P = 500 W  
and at three different speeds of material surface scanning 
with  a  laser  beam,  namely  10 m/s,  20 m/s,  and  30 m/s.

Fig. 1. A view of the microstructure of NC11steel; matrix and chromium 
carbides 

Table 1  
Chemical composition of NC11 steel [23]

Element C Mn Si P S
Content, 

% wt. 1.80–2.10 0.15–0.45 0.15–0.40 0.03 max. 0.03 max.

Element Cr Ni Mo W V

Content, 
% wt. 11.0–13.0 0.35 max. 0.20 max. 0.20 max. 0.15 max.

Fig. 2. A  view  of  the  test  stand  for  remelting  with  a  TruLaser 
ROBOT  5020.  The  laser  stand  is  equipped with  a  KUKA  robot 
arm (a), replaceable heads for: welding (b), cutting and powder 
welding

a)

b)
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2.3. Research methodology

Examination of  remelting areas on NC11 steel  specimen 
surfaces consisted of macroscopic evaluation and meas- 
urements of remelting geometry. Moreover, metallo-
graphic  examination  was  carried  out,  consisting  of  the 
observation of microstructures with the use of an opti-
cal microscope  equipped with  an  advanced  image  anal-
ysis  system,  Multiscan  v.08.  Hardness  measurements 
were taken with the use of a Nanovea nanoindentation 
microhardness tester.  Figure 3 shows a schematic dia-
gram according to which measurements of the remelting 

geometry and material hardness in the remelting area  
and in the heat affected zone (HAZ) were taken. 

To determine their state of stress, remelting areas were 
also  examined  with  the  use  of  an  Empyrean  X-ray  dif-
fractometer (Malvern Panalytical) as shown in Figure 4, 
equipped with a  five-axis  table and a copper X-ray  tube. 
Parameters of the scan for the XRD residual stress meas- 
urement were the following: start position 71.4890 °2Th.,  
end position 76.4550  °2Th.,  step  size 0.0260  °2Th.,  scan 
step  time 1196  seconds.  For  the  purpose  of  stress  anal-
ysis,  HighScore  Plus  and  X’Pert  Stress  software  were  
used.

Fig. 4. The stress analysis setup: a) Empyrean PANalytical diffractometer; b) diffractometer table with a specimen

Fig. 3. Hardness measurements  and melting geometry measurements:  a)  a  schematic diagram  (w  –  remelting width; d  –  remelting depth;  
◊ –  hardness measurement points); b) examples of hardness measurements in the area of melting; c) examples of hardness measurements in 
the HAZ; d) examples of hardness measurements in the initial material

b)a)

d)c)

a) b)
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2.4. Research results 

Table 2 summarizes the results of the remelting geometry 
and hardness measurements taken in the remelting area 
and in HAZ and the values of stress determined in the re-
melting area, depending on the parameters of the process 
of surface remelting with laser.
The  geometry  of  remelting  areas  formed on  the NC11 

steel specimen surface with a laser beam was different in 
each of the three tests. Both the width and depth of the 
remeltings decrease with the increase in the speed of 
scanning with the laser beam. The change in the melting 
geometry is primarily due to the amount of heat absorbed 

by the melted material. At constant beam power, the laser 
beam exposure time and, as a result, the amount of heat 
absorbed by the melting area, decreases as the scanning 
speed increases It was noted that in the remelting area, 
a dendritic microstructure was obtained. In the border 
region where the NC11steel parent material turns into the 
remelting area, large carbide precipitations were visible 
which dissolved in the course of remelting, along with the 
movement of the liquid metal pool. 
In Figures 5–7, images of the macrostructure and micro-

structure of the remelting area and the heat affected  
zone (HAZ) on specimens of NC11 steel are shown, for dif-
ferent values of the speed of scanning with a laser beam.

Fig. 5. A view of the macrostructure and microstructure of NC11 steel remelted with the use of a laser beam operated at power P = 500 W  
and scanning speed vs = 10 mm/s: a) macrostructure; b) remelting area; (c–d) HAZ

Table 2  
Results of the remelting geometry and hardness measurements  in the remelting area and in HAZ depending on the parameters of the 
laser-induced surface remelting process 

No.
Laser beam parameters Remelting area geometry

Stress,  
MPa

HV0.3 hardness average 
value in the area of:

Power,  
W

Scanning speed, 
vs, mm/s

Width, 
mm

Depth,  
mm Remelting HAZ

1 500 10 0.807 0.368 –403.9 505 ±5 580 ±6

2 500 20 0.761 0.290 –383.9 531 ±6 615 ±7

3 500 30 0.589 0.175 –348.5 552 ±6 643 ±7

4 Initial material –138.6 250 ±4

a) b)

d)c)
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Fig. 6. A view of  the macrostructure and microstructure of NC11 steel  remelted with  the use of  laser beam operated at power P = 500 W  
and scanning speed vs = 20 mm/s: a) macrostructure; b) remelting area; (c–d) HAZ

Fig. 7. A view of  the macrostructure and microstructure of NC11 steel  remelted with  the use of  laser beam operated at power P = 500 W  
and scanning speed vs = 30 mm/s: a) macrostructure; b) remelting area; (c–d) HAZ

a) b)

d)c)

a) b)

d)c)
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The measurements were taken with the use of the 
Vickers method under HV0.3 load. In each of the remelt-
ing areas, hardness was measured at least three times. 
A difference was observed between the hardness of the 
remelted metal regions and HAZ depending on  the  laser 
beam scanning speed. The highest hardness values of 
580–643 HV0.3 were observed in the heat-affected zone. 
In the remelted areas, hardness values ranged from 505 
to 552 HV0.3. At the adopted parameters of the laser-based 
remelting process, approximately a 2- to 2.5-fold increase 
in hardness was observed compared to the initial state 
of  the material.  Local melting  caused  the  dissolution  of 
alloying  elements  and  chromium  carbides  in  the  liquid 
metal pool. Rapid crystallization meant that the materi-
al in the molten area is homogeneous in the form of den-
drites with high fragmentation of the precipitates, which 
promotes an increase in hardness compared to the native  
material.

The stress value measured on the remelted metal sur-
face increased from 2.5 to 3 times compared to that found 
in the initial material. The material used for smelting is 
NC11 steel, which is delivered after plastic working under 
industrial conditions. Therefore, stresses were observed 
in the starting material (MR).

Stress measurements provide important information 
about the service properties of remelted areas as the state 
of stress is decisive for the nature and type of interaction 
between friction couples. Such a couple is created, on the 
one hand, of grains of the refractory material aggregate 
and, on the other, press mold linings in the course of the 
process of the fabrication of ceramic bricks (of e.g. fused 
alumina). Intensity of the abrasive wear process depends 
on the components of the load force and geometrical 
parameters characterizing grain shapes, the hardness of 
the abrasive material, and its state of stress [24–26].

3. SUMMARY AND CONCLUSIONS 

As a result of  the metallographic examination and hard-
ness measurements performed, it can be concluded that 
in NC11 steel areas remelted with the use of a laser beam, 
a dendritic microstructure crystallizes with a hardness 
significantly higher than that of the parent material region. 
This is due to rapid crystallization which in turn results 
in its homogenization within the remelting area which fa-
vors the emergence of hard dendritic microstructure.

Based on observations made in the course of the per-
formed research and the analysis of the obtained results, 
it can be concluded that that the laser-remelted areas of 
NC11 steel:

• are characterized with microstructure differing in a favor-
able way from that of the parent material,

• show  different  geometry  (width  and  depth),  hardness, 
and state of stress depending on the adopted parameters 
of the remelting process,

• show hardness which has increased relative to the parent 
material, with the maximum observed in the heat-affect-
ed zone.

The increased hardness of material in the HAZ compared 
to the remelted areas stems from the fact that in that very 
zone, partially unmelted large and very hard carbide pre-
cipitates remain, surrounded with hardening-induced 
structures. 

Due to the hardness of the laser, surface hardening should 
be better than surface melting. However, during surface 
melting, the structure becomes homogeneous, which is 
more favorable during operation under wear conditions. 
The material containing various precipitates during wear 
promotes cracking and crumbling and pulling out of indi-
vidual phases. The abrasive wear of a homogeneous mate-
rial is steady. Therefore, despite the lower hardness of 
the melting area compared to  the HAZ area,  laser melting 
should be a better solution for extending the service life of 
elements made of NC11 steel.

The increase in hardness and stress values in the remelt-
ing area may be favorable to fostering the increased service 
life  and  durability  of  surfaces  exposed  to  abrasive  wear. 
Such a phenomenon occurs in the course of the interaction 
of aggregate grain edges on mold linings in the course of the 
press-molding of refractory material stampings.

The possibility of obtaining remeltings characterized with 
increased hardness on large surfaces of parts and tools made 
of  NC11  steel  can  be  considered  as  an  alternative  to  the 
time-consuming and costly heat treatment processes cur-
rently applied to press mold components made of the alloy.

The application of the surface remelting process can also 
be considered a competitive solution to hard-facing with 
the  use  of  expensive  additives  aimed  at  increasing  resis-
tance to abrasive wear. Padding welds of that type, in view 
of  the  existence of  an  excess weld metal, must be  subject 
to  further  machining  to  obtain  the  required  geometrical 
dimensions. In the case of laser-induced surface remelting, 
the face of the weld is flat and there is no excess weld metal 
since no filler is being added. 
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