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Improved surface properties of nodular cast iron using  
electron beam remelting and alloying with nickel based additives 

Anja Buchwalder, Normann Klose, Anne Jung, Rolf Zenker 

 
Surface remelting has been used for improving the tribological behaviour of components, e.g. 

camshafts, for many years. Growing demands for the simultaneous improvement of wear and corro-
sion resistance of components with complex geometries poses a great challenge for surface treatment. 
With its unique possibilities for beam deflection, the electron beam (EB) is an excellent tool for gener-
ating load-related layers (single treatment) or as a basis for functional surface layer systems (duplex 
treatment). The focus of this paper is on the influence of the EB parameters on the layer microstruc-
ture formed and on the resulting wear and corrosion behaviour, using the ductile cast iron GJS-400 as 
an example. By varying the energy input, the melted depth and the amount of alloying contents can be 
controlled. Surface layers with a defined Ni content from 0 wt.-% to max. 20 wt.-% and a surface 
hardness of between 850 and 500 HV0.3 were produced. Comparative tests of the wear behaviour 
(counter body: WC-Co) showed, as expected, a significant improvement compared to the untreated 
base material. The wear behaviour investigated by unlubricated pin-on-disc tests of surface treated 
samples did not exhibit a defined correlation to the hardness, but was dependent on the microstructure 
and the load applied. The corrosion behaviour was tested in a 5% NaCl solution. While remelting led 
to a marginal improvement compared to the base material, the corrosion behaviour of the alloying 
surface layer was significantly improved with increasing Ni content. The simultaneous improvement of 
wear and corrosion behaviour using the EB alloying process opens up new applications for cast irons. 

Подобрени повърхностни свойства на сферографитен чугун при използване на елек-
троннолъчево претопяване и легиращи добавки,  базирани на никел (A. Бучвалдер, Н. Клозе, 
A.  Юнг, Р. Зенкер). В продължение на много години повърхностното претопяване се използва 
за подобряване на трибологичното поведение  на машинни части, например разпределителни 
валове. Нарастващите изисквания за едновременно подобряване на износването и устойчи-
востта на корозия на машинни части със сложна геометрия представлява голямо предизви-
кателство за повърхностната обработка. Със своите уникални възможности за отклоняване 
на снопа, електронният  лъч е отличен инструмент за генериране на свързани по натоварване 
слоеве (единична обработка) или като основа за функционални повърхностни системи от сло-
еве (дуплексно третиране). Фокусът на тази статия е върху влиянието на параметрите на 
електронния сноп върху микроструктурата на слоя, неговото  поведение при износване и ко-
розия, изучено с помощта на образци от сферографитен чугун GJS-400 като пример. Чрез 
промяна на вложената енергия, дълбочината на топене и съдържанието на легиращи компо-
ненти се контролира структурата на изследвания слой. Получени са повърхностни слоеве с 
определен съдържание Ni от 0 тегловни % до макс. 20 тегл. % и повърхностна твърдост 
между 850 и 500 HV0.3. Сравнителни тестове на поведението на износване (WC-Co) показаха, 
както се очаква, значително подобрение в сравнение с износа на не третирания основен мате-
риал. Поведението на износване, изследвано от тестове без смазване от типа „ острие-на 
диск“ при повърхностна обработка на проби не показват определена корелация с твърдост-
та, но зависят от микроструктурата и приложеното натоварване. Поведението на корозия 
се тества в 5% разтвор на NaCl. Докато претопяването на повърхностния слой довежда до 
леко подобрение в сравнение с основния материал, корозията при легиране на  повърхностния 
слой е значително подобрено с увеличаване на съдържанието на Ni. Едновременното подобря-
ване на поведението на износване и корозия, използвайки процеса на електронно-лъчево леги-
ране открива нови приложения за лятия чугун. 
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1. Introduction 
Surface remelting of cast iron using high-energy 

sources – such as TIG, laser, and electron beam (EB) 
technologies – has been used for many years in indus-
try, and is a well established process for generating 
hard, wear-resistant and functional surfaces of com-
ponents. Due to the rapid cooling typical of the pro-
cess, solidification occurs according to the metastable 
system of the Fe-C diagram, and results in a graphite-
free ledeburitic microstructure with higher hardness 
[1-3]. The material-specific graphite of the cast iron 
acts as a local element under corrosive loading condi-
tions, leading to the active dissolution of the cast iron 
matrix. A partial improvement in corrosion resistance 
is achievable by means of elimination of the graphite 
after surface remelting [4]. The degree of improve-
ment of the corrosion behaviour is much higher if a 
suitable additive is applied during the remelting pro-
cess, such as e.g. Cu-, Ni-, and Cr-based additives, 
thus creating a so-called alloying process [5, 6]. The 
use of Ni-based additives, in particular, is quite attrac-
tive. Ni serves to stabilise the austenitic phase, which 
exhibits excellent corrosion resistance. Furthermore, 
this microstructure increases the material’s ductility, 
which may have a favourable effect on the wear be-
haviour of the hard ledeburitic carbides.  

In the context of this contribution, the effects of 
different beam deflection techniques and EB parame-
ters on the layer structure during EB alloying (EBA) 
will be discussed. The goal was to determine the in-
fluence of the Ni content on the microstructure 
formed, and the hardness of the alloyed cast iron sur-
face. Furthermore, the final effects on the application-
relevant corrosion and wear behaviour were exam-
ined.  

2. Experimental 

2.1 Base material and additive 

Conventional cast iron with spheroidal graphite 
(GJS-400) containing 3.4C-2.7Si-0.14Mn-0.024P-
0.050S-0.04Mg-0.01Cr was used as the base material 
(BM) for these investigations. Apart from spheroidal 
graphite, the microstructure of the base material con-
sisted mainly of a ferritic matrix with small amounts 
of pearlite (Fig. 1a).  

For EBA, a Ni-based additive (Ni-13Cr4Si3Fe2.5 
B0.8C) was pre-deposited by thermal spraying on the 
sandblasted sample surfaces, with a layer thickness of 
100 µm (Fig. 1b).  

2.1 Electron beam surface treatments 

The EB surface treatments of the cast iron samples 
were carried out in the liquid state (T > TM) both with 
and without an additive. In the case of EB remelting 
(EBR), the cast iron base material was treated up to a 
depth where the treatment temperature was higher 
than the melting temperature of the cast iron. In con-
trast, the melting temperature of both the base material 
and additive had to be exceeded during the alloying 
process.  

In general, preheating up to a temperature of 
450°C before the actual EB surface treatments is es-
sential to produce crack-free layers. Two fundamen-
tally different beam deflection techniques were used: 
the meander technique (MT, Fig. 1c) and the field 
technique (FT, Fig. 1d). 

The meander beam deflection technique was real-
ised by both a combined movement of the beam in the 
x and y directions and the continuous feed rate of the 
sample (v = 0.5 mm/s). The beam deflection in the x 
direction corresponded to the 20 mm track widths 
generated. Through variation of the beam current in 
the range of 6-20 mA, remelted depths of 0.4-1.4 mm 
were configured, which determined the alloying con-
tent as well as the Ni-content in the alloyed layer. 

For the field technique, an energy-transfer field 
with dimensions of 20x50 mm was moved across the 
sample with a feed rate of 1.5 mm/s. Both the remelt-
ed depth and the alloying content were controlled by 
the beam current (21...30 mA) analogous to the mean-
der technique.  

 

  
a) Base material  b) Ni-based additive 

  
c) Field technique d) Meander technique 

Fig. 1. Materials and beam deflection techniques for 
EB alloying 
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2.2 Characterisation  

The microstructural investigations as well as the 
measurement of the layer geometry (depth (SLD), 
width, area) were carried out by means of metallo-
graphic cross sections using light optical microscopy 
(LOM), and scanning electron microscopy (SEM). 
Glow discharge optical emission spectroscopy 
(GDOES) and EDX analysis were used for determin-
ing the chemical composition of the EB-treated layers 
(average Ni content) and individual microstructural 
constituents.  

In addition, the phase composition (ferrite, austen-
ite, graphite, cementite) and quantity distribution 
(vol.%) were measured by X-ray diffraction (XRD) 
using Cu-Kα radiation 

2.3 Characterisation of the corrosion behaviour 

The corrosion behaviour was investigated by 
means of potentiodynamic polarisation measurements 
in 5% NaCl solution with a saturated Ag/AgCl elec-
trode. The measurement surface area was 0.503 cm².  

After determination of the open circuit potential 
(EOCP) with a measuring period of 30 min, polarisation 
was carried out with a scanning rate of 10 mV/min up 
to a limiting current density of 20 mA/cm². Character-
istic corrosion values – i.e. the corrosion potential 
(Ecorr) and corrosion current density (icorr) – were de-
termined by means of evaluation of the so-called Tafel 
fitting. 

2.4 Characterisation of the wear behaviour 

Comparative investigations concerning wear be-
haviour were carried out with unlubricated pin-on-disc 
tests (counter body: WC-Co, ball Ø 6 mm) character-
ised by oscillating movement and different normal 
loads (50, 80, 120 N). A constant test duration 
(60 min) and feed rate (0.04 m/s) resulted in an abso-
lute wear track length of 140±1 m. After one cycle, 
the wear track length was 30 mm. 

3. Results and discussion 

3.1 Comparison of field vs. meander techniques 

After surface melting of the ductile cast iron, pore- 
and crack-free layers of spheroidal graphite were pro-
duced. Liquid phase surface treatments led to una-
voidable surface deformation, requiring expensive 
mechanical post-treatments. For that reason, investiga-
tions dealing with different beam deflection tech-
niques were incorporated to minimise surface defor-
mation. 

Under the conditions of comparable layer depth, 

the surface of the EBA layer generated by the field 
technique (Fig. 2a) was smoother than that generated 
by the meander technique (Fig. 2b).  

 
The beam deflection techniques applied differed in 

terms of the size of the molten surface area during 
energy input and, therefore, the induced temperature-
time cycle.  

In the case of the field technique, the molten sur-
face area at any one time was wide (corresponding to 
the energy field dimension of 20x50 mm). The more 
rapid heat flow on the edges of the melted tracks led 
to the semi-circular shape of the layer in the cross 
section. This meant that the lifetime of the melting 
pool for the mixing of the alloying elements varied 
considerably from the middle to the edges of the layer. 
The streak-like structure visible in Fig. 2a marks the 
inhomogeneous mixing that resulted from the great 
temperature gradients. The microstructure exhibited 
agglomerated areas with higher Ni concentration (cf. 
Fig. 3b).  

 

  

 
a) Field technique 

  

 
b) Meander technique 

Fig. 2. Surface and layer structure after EBA with different 
beam deflection techniques (SLD = 1 mm) 

The energy input of the meander technique was 
limited to a relatively small surface area (approx. the 
diameter of the oscillating figure – circle Ø: 1…3 
mm). The more box-shaped layer geometry generated 
resulted from the intersecting energy inputs at the 
turning points (Fig. 2b). The resultant heat accumula-
tion limited the rapid heat flow at the edges. 

Furthermore, the re-melting of the initially solidi-

v 

v 

200 µm 

200 µm 
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fied alloyed path (in the x direction) led to a more 
homogeneously alloyed microstructure than for the 
field technique (Fig. 2b). 

This can also be proved by the GDOES profiles 
measured perpendicular to the surface. While the Ni 
concentration in the EBA layer (MT) remained con-
stant, a concentration gradient was observed for the 
FT (Fig. 3a).  

 

 

 
a) GDOES analysis 

 
b) Detail of the EBA layer microstructure and EDX line scan 

Fig. 3. Influence of the beam deflection technique on the 
chemical composition of the EBA layers (GDOES) 

3.2 Microstructure and hardness after EBR and 
EBA using the meander technique 

The effects of the energy input on the layer micro-
structure and the hardness were examined on the basis 
of the meander technique described in the following. 
In general, as might have been expected, the remelted 
depth increased with increasing beam current (Fig. 
4a).  

The hardness achieved after EBR was approx. 4 
times higher (800 HV0.5) than for the base material 
(200 HV0.5). The remelted layer thickness had only a 
marginal influence on the layer hardness. 

In the case of EB alloying, the melted depth 
strongly influenced the resultant alloying content 
(ΣEBA) and, therefore, the hardness increase 

achieved. Layer depths in the range of 0.3...1.5 mm 
led to Ni contents of 20…2 ma.-% (Fig. 4b). The 
higher the Ni content in the surface layer, the higher 
the amount of austenite (up to 50 vol.-%), and the lo- 

 
a) Surface hardness and surface layer depth  

 
b) Phase composition of the surface layer 
Fig. 4. General characterisation of the composition of the 

EB treated surface layers 

wer the amount of ferrite or martensite formed. The 
reason for that, is the decreased martensite start tem-
perature Ms with increased N content.  

In contrast, the fraction of cementite was inde-
pendent of the Ni content, and remained constant at 
the level of approx. 50±5 vol.-%. With increased aus-
tenite fraction, the surface layer hardness was reduced 
to values of 570…620 HV0.5. 

Starting from a Ni content of approx. 6 ma-% the 
hardness decreased significantly and remained con-
stant despite increased Ni content (Fig. 4a). Based on 
the shown microstructure (Fig. 5), this fact was at-
tributed to a formation of deformation induced mar-
tensite during preparation. SEM pictures proved, the 
higher the Ni content, the martensite became coarser 
(Fig. 5a→c).  

In the alloyed layers with a Ni content ≥ 6 ma.-%, 
fine spheroidal graphite of between 1 and 3 µm in 
diameter was detected (Fig. 5). In high amounts, both 
nickel and silicon are strong graphite formers. This 
means that despite the process-specific rapid cooling 
rates due to self quenching, graphite was formed.  
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ma-% 
GDOES EDX 
ΣEBA A B C 

C 3.3 1.8 2.9  
Ni 4.5 4.8 1.4  
Si 2.3 2.1 0.1  
Cr 0.7 0.5 1.4  

 

ma-% 
GDOES EDX 
ΣEBA A B C 

C 3.2 0.1 1.0 0.1 
Ni 6.1 7.1 3.2 8.2 
Si 2.3 4.5 1.0 4.9 
Cr 0.9 0.5 1.1 0.5 

 

ma-% 
GDOES EDX 
ΣEBA A B C 

C 2.6 3.0 2.8 2.3 
Ni 12.4 11.4 10.5 11.6 
Si 2.4 1.8 2.0 2.4 
Cr 2.0 1.2 1.5 1.2 

 

a) 4.5 ma-% Ni b) 6.1 ma-% Ni c) 12.4 ma-% Ni 

Fig. 5. Influence of the Ni content on the microstructure (I) and on both the alloying content (GDOES) and the element con-
centration of the typical microstructural constituents A, B, C (EDX)(II)

3.3 Wear behaviour 

In general, the increased hardness of the EBR and 
EBA layers led to specific wear coefficients that were 
3-4 orders of magnitude lower (EBR: 2…18·10-

6 mm³/(N·m)) than that of the cast iron base material 
(BM: >1000·10-6 mm³/(N·m). 

For each of the layer systems investigated, the spe-
cific wear coefficient exhibited a linear increase with 
increasing loads (Fig. 6). The worst wear behaviour 
(i.e. the highest wear coefficient) of all of the variants 
investigated could be detected for the EBA layer with 
the lowest Ni content (2.0 ma-% Ni), even though the 
hardness was in a comparable order of magnitude to 
that of the EBR layer (800 HV 0.5).  

 

 
Fig. 6. Influence of both the Ni content and the normal load 

FN on the specific wear coefficient kV 

The wear coefficients of the other EBA layes with 
higher Ni contents and lower hardness were on the 
same level (kV = 3…10·10-6 mm³/(N·m)) as the EBR 

layer (Fig. 6). The improved wear behaviour of the 
EBA variants with 4.6 and 10.7 ma.-% Ni (ref. 
Fig. 4b) was attributed to both the lubricating effect of 
the finely dispersed graphite (see Fig. 5) and the in-
creased ductility of the material. 

3.4 Corrosion behaviour 

Due to the pronounced dissolution of the ferrite 
around the graphite, the base material was susceptible 
to strong corrosive attack (Fig. 7a).  

After corrosion of the surrounding microstructure 
and subsequent loss of the graphite particles, exten-
sive corrosion damage occurred. 

For the EBA layer generated by the meander tech-
nique, it could be assumed that all of the specific cor-
rosion values were improved by an increasing Ni con-
tent. This meant that the open circuit potential was 
shifted in the direction of more positive values in a 
linear manner (Fig. 8b), and that the corrosion current 
density was reduced exponentially (Fig. 8Fig. 8c). The 
corrosion mechanisms of the unalloyed (EBR) and 
alloyed ledeburitic surfaces were characterised by the 
selective dissolution of the ferritic/pearlitic as well as 
the austenitic microstructural constituents. Finally, the 
skeleton-like ledeburitc cementite was retained in the 
area near the surface (Fig. 7b). 

Despite the comparable Ni content of the EBA lay-
er generated by means of the field technique, the char-
acteristic corrosion values showed hardly any im-
provement, or the values were subjected to large de-
grees of scattering (Fig. 8b, c). The reason for this was 
the above-mentioned inhomogeneous and insufficient 
mixing in the melting pool during EBA when using 
the field technique (cf. Fig. 2a). 
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 a) BM b) EBR c) EBA (MT; 20.7 ma.-%Ni) d) EBA (FT; 21.2 ma.-%Ni) 

Fig. 7. Cross sections of the corroded surface areas (SEM) (II) of different treated surfaces  

a) Potentiodynamic polarisation 
curves 

b) Open circuit potential (EOCP) c) Current density (icorr) 

Fig. 8. Influence of the Ni content and the beam deflection technique for EBA (MT… meander technique;  
FT… field technique) on characteristic corrosion values

4. Conclusions 
The beam deflection technique applied has a strong 

influence on the formation, quality and properties of 
EB surface layers. Often it is necessary to find a com-
promise between the conflicting trends in influencing 
factors. In our investigations, the field technique led to 
the lowest level of surface deformations, but the mi-
crostructure formed exhibited inhomogeneities and 
great concentration gradients. This was unfavourable 
for reproducible functional properties and the level of 
actual usable properties. Using the meander technique, 
a homogeneous layer microstructure was achieved, 
facilitating detailed investigation of the influences on 
wear and corrosion behaviour. 

EB remelting and alloying allowed the generation 
of surface layers with both varying depths of treat-
ment and increased hardness over a wide load-
dependent range of 550 to 880 HV0.5 (2 to 4-fold 
higher than the base material). Depending on the load-
ing demands of specific applications, the microstruc-
ture of the surface layer could be set to be primarily 
either hard or both hard and tough.  

In general, the wear behaviour of all treated vari-
ants could be improved significantly compared to the 

base material. In comparison to the merely remelted 
state, the alloyed layers with Ni contents > 6 ma-% 
proved interesting in terms of their microstructural 
effects, which could not be interpreted completely at 
the moment. Nevertheless, both variants exhibited 
comparable or better wear behaviour than EBR, the 
presence of finely dispersed graphite (which aids lu-
brication), and tough austenitic matrix microstruc-
tures.  

In the case of EB alloying, the corrosion resistance 
could also be improved. With rising N content in the 
EBA layer, the open circuit potential was shifted to-
wards more positive values in a linear manner, and the 
corrosion current density was reduced exponentially. 
This meant that corrosion started later and progressed 
more slowly. 
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