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THE POSSIBILITIES OF THE LASER MODIFICATION
OF THE MALLEABLE IRON SURFACE

Summary

The aim of the presented investigation was to perform surface modification of the malleable iron by laser alloying and eval-
uate the influence of the laser heat treatment (LHT) on the microstructure of its surface layer (particularly in comparison to
the other gray irons). After LHT of the malleable iron modified microstructure of its surface layer with very fine-crystalline,
homogenous and hard (>1000HV0.1) melted zone was achieved. 4-fold increased hardness (in comparison to the hardness
of matrix of the core material) of melted zone resulted not only from very fine and hardened microstructure, but also due to
supersaturating with alloying elements. Gentle hardness changes on the cross section of the surface layer from the melted
zone to the core material was noticed. The depth of melted zone was approx. 0.7 mm and it corresponded to the counted
depth. It was stated that due to malleable iron specific thermophysical properties smaller depth of modified layer than
achieved depth for flake irons and much smaller than the depth for nodular irons for the same LHT conditions could be ex-
pected.
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MOZLIWOSCI LASEROWEJ MODYFIKACJI POWIERZCHNI ZELIWA CIAGLIWEGO
Streszczenie

Celem prezentowanych badan byfo przeprowadzenie obréobki powierzchniowej zeliwa ciggliwego przez stopowanie lasero-
we oraz ocena wplywu laserowej obrobki cieplnej (LOC) na mikrostrukture jego warstwy wierzchniej (w szczegolnosci
w porownaniu do innych zeliw szarych). Po LOC zeliwa ciggliwego uzyskano mikrostrukture jego warstwy wierzchniej
z drobnokrystaliczng, jednorodng i twardg (>1000HV0.1) strefq przetopionq. 4-krotne zwigkszenie twardosci (w poréwna-
niu do twardosci osnowy materiatu rdzenia) strefy przetopionej nie wynikata tylko z bardzo drobnej i zahartowanej mikro-
struktury, ale réwniez z przesycenia wprowadzonymi pierwiastkami stopowymi. Zaobserwowano fagodng zmiane twardosci
na przekroju poprzecznym od strefy przetopionej do rdzenia. Glgbokosé¢ strefy przetopionej wynosila okoto 0.7 mm i byla
zblizona do wartosci obliczonej. Stwierdzono, ze w wyniku specyficznych wlasciwosci termofizycznych zeliwa ciggliwego
mozna sie Spodziewac osiggniecia mniejszej gtebokosci warstwy zmodyfikowanej niz w przypadku glebokosci dla zeliw plat-

kowych i o wiele mniejszej niz w przypadku zeliw sferoidalnych (uzyskanej w tych samych warunkach LOC).
Stowa kluczowe: laserowa obrobka cieplna, zeliwo ciggliwe, wlasciwosci termofizyczne

1. Introduction

The design and production of agricultural machines is
the one of the most important trend in case of enhancement
of the agricultural technique. Selection of appropriate mate-
rial with adequate hardness and wear resistance are im-
portant from the point of view of the exploitation of agri-
cultural and heavy duty machinery, especially for compo-
nents of machines that work in the soil [1]. Furthermore,
application of new materials and their modern production
methods could cause significant changes in the construction
of machines. These methods include surface treatments
dedicated to parts especially exposed to wear and/or corro-
sion [2]. One of these methods consists in laser heat treat-
ment (LHT) that allows to improve materials surface layer
microstructure and properties. Gray irons are very popular
group of materials. They are used in automotive branch
(like crankshafts, camshafts) [3], rail industry (breaking
discs) [4], etc. Gray irons are also common in case of agri-
cultural machines. Modified gray irons as: nodular, vermic-
ular and malleable with superior (than flake irons) mechan-
ical properties are particularly interesting. For example,
nodular iron, after appropriate treatment could replace cast
steel or even steel in some parts of machines. As the re-
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search (presented in [5, 6]) showed, for instance, 38GSA
steel usually used for functioning plough blades in soil
could be replaced by ADI cast iron.

It needs to be taken into account that some parts of ag-
ricultural machines (made of cast irons) like: shafts of har-
vest machine, gears, teeth harrows, disc harrows, coulter
presser feet are exposed to tribological wear.

The study presented in this article concerns laser sur-
face treatment that might be used in case of devices made
of malleable iron. The previous own research [7] showed
that it is possible to implement boron and silicon (or with
boron, silicon and cobalt as well) into the surface layer of
EN-GJL-250 flake iron with pearlite matrix andEN-GJS-
600-3 nodular iron with ferrite-pearlite matrix by laser al-
loying. The alloying zone with boron and silicon was char-
acterized by ultra-fine microstructure with hardness in the
range of 1200-1700 HVO0.1 (depending on the value of the
laser beam parameters) which could improve the durability
and reliability of the particular machine part. Such result
creates great possibilities to widen the application of many
kinds of gray iron.

In order to achieve particular effect in the surface layer
of the treated material an appropriate laser heat treatment
parameter selection is needed [8]. One of the most im-
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portant aspects that should be taken into account in this se-
lection are thermophysical properties of treated material.
The comparison of those properties of different gray irons
is presented in [9]. Malleable iron is characterized by high-
er density (7.3 g-cm) than most of flake or nodular irons
(7.1 gem). Its specific heat is 523-527 J-kg-K%, while for
most of gray irons is rather below 500 J-kg'-K*. Thermal
conductivity of malleable iron is 50.2-54.4 W-m-K™ — similar
to flake irons. This makes that some surface effects of LHT
could be different in case of this iron than the rest [9].

The aim of the presented research was to perform the
malleable iron modification by laser alloying and evaluate
the influence of the laser heat treatment on the microstruc-
ture of the surface layer (especially in comparison to the
other gray irons). This study is a part of the research on
LHT application to gray iron. The general purpose of this
research is improving the useful properties of machine part
made of gray iron.

2. Methodology

Blackheart malleable cast iron EN-GIJMB-450-6 with
pearlite matrix was chosen as the test material. This cast
iron was characterized by average hardness of 20 HRC
(with 270 HVO0.1 hardness of the matrix). The graphite and
pearlite in the investigated malleable iron was presented in
the Fig. 1. The chemical composition of investigated iron
was shown in Table 1.

Table 1. The chemical composition of the EN-GJMB-450-6
malleable iron
Tab. 1. Sktad chemiczny zeliwa ciggliwego EN-GIMB-450-6

The element value % [wt.]
C Si [Mn| P S Cr Cu
EN-GJMB-450-6 | 2.30 | 1.2 | 0.59 | 0.03 |0.013] 0.08 | 0.03

Cast iron

Source: own work / Zrodio: opracowanie wlasne

Source: own work / Zrédio: opracowanie wlasne

Fig. 1. The microstructure of the EN-GJMB-450-6 mallea-
ble iron. Etched with nitride acid solution

Rys. 1. Mikrostruktura zeliwa ciggliwego EN-GIJMB-450-6.
Trawione nitalem

Laser heat treatment consisted in laser heating of the
surface layer of sample made of tested cast iron. The aim of
heating was to achieve the melting of the part of the surface
layer. Molecular CO2 continuous Trumpf laser type TLF
2600T with 2.6-kW output power and TEMO0.1 mode was
used. As mentioned in the introduction of this paper malle-
able iron is characterized by specific thermophysical prop-
erties. Its specific heat is in about 10% higher than specific
heat of flake or nodular iron. Malleable iron is character-

Marta PACZKOWSKA

ized by much smaller amount of carbon than those cast
irons (that usually possess about 3.5%) and higher density.
These proprieties need to be taken into account during laser
beam parameters selection. On the base of own research on
different cast irons and equations proposed by Ashby and
Esterling [10] allowing to predict the values of tempera-
tures and cooling rates laser heat treatment parameters were
selected. The evaluation of the temperature changes on the
section of the sample is important to assess the expected
depth of remelted zone in the surface layer in the laser
treated material. Thus, to calculate the temperature follow-
ing equation was applied [10]:

A-P .
2-7r-l-v‘[t(t+t0)]%

exp{_I:(Z + 20)2 + y2 :|} (1)
4ot d-a(t+ty)

where: T(y,z,t) — temperature [K] at (y,z); y,z — coordinates
[m]; To — ambient temperature [K]; A — absorptivity [%]; P
— laser beam power [W]; A — material thermal conductivity
[W-m™.K?]; v — laser beam velocity [m-s%]; t — interaction
time [s], to — variable, represents the time required for heat

to diffuse over a distance equal to the beam radius on the
sample surface:

2
r
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where: r — laser beam radius [m]; o — thermal diffusivity
[m?-s1]; zo — variable, measures the distance over which

heat can diffuse during the laser beam interaction time.
If t >> to (like in this case), z, can be expressed by the
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%
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and the maximum temperature can be assessed using fol-
lowing equation:
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where: p — material density [kg-m®]; C, — material specific
heat [J-kg?- K.

Warming and cooling rate can be estimated by means of
equation:
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where the first part in the square bracket represents heating,
and the second one describes cooling. Laser beam parameters
were chosen to achieve such temperature in the surface layer
which would cause remelting. Laser beam power density E
was 26 W-mm and its scanning velocity V was 1.87 mm-s™.
Due to good results achieved in case of flake and nodu-
lar irons with alloying them with boron and silicon before
laser heating the sample of malleable iron was also covered
with the paste containing such alloying substance (the pow-
der of amorphous boron and silicon — Fig. 2) and a bonding
substance (the water glass). Size of the particle in case of
boron was <1 um and 325 mesh for silicon. Their purities
were: >95% for boron and 99% for silicon. Laser beam
caused simultaneously melting of the alloying substance
with thin layer of covered material. Then, those melted ma-
terials were mixed and rapidly cooled. As a result, a new
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alloy, different from material of malleable iron and paste
containing boron and silicon, was created.

The laser heat treatment results were analyzed by means of
optical microscope (microstructure evaluation and modified
zones determination) and Vickers hardness tester with 100G of
load (microhardness distribution on the section). The investi-
gation was performed at the Institute of Machines and Motor
Vehicle, Poznan University of Technology.
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Device; 55135

Source: own work / Zrédlo: opracowanie wlasne

Fig. 2. Boron (a) and silicon (b) powder
Rys. 2. Proszek boru (a) i krzemu (b)

3. Results and discussion

Laser heat treatment with applied laser beam parameters
was performed to achieve in the malleable iron modified mi-
crostructure of its surface layer with very fine-crystalline melt-
ed zone (Fig. 3). Such microstructure was typical for laser
treatment with remelting. This zone was characterized by very
homogenous, especially in comparison to the core, microstruc-
ture or the rest of modified zones in the surface layer.
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Source: own work / Zrédlo: opracowanie wlasne

Fig. 3. The microstructure of the melted zone in the surface
layer of malleable iron after laser heat treatment. Etched
with nitride acid solution

Rys. 3. Mikrostruktura strefy przetopionej w warstwie
wierzchniej zeliwa ciggliwego po laserowej obrébee ciepl-
nej Trawione nitalem

The graphite phase was rather entirely diluted during the
melting. Consequently, the matrix was enriched with car-
bon. Thus, mainly grains of martensite enriched with al-
loyed elements and with carbon could be expected in this
zone as a result of remelting and mixing of the base micro-
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structure (pearlite and graphite) with the substance of alloy-
ing elements and rapidly cooled.

Under the melted zone in the malleable iron (as in case
in other gray irons: flake or nodular [7]) transition zone was
noticed (Figs. 4 and 5). The microstructure of the transition
zone consisted of martensite and ledeburite areas. Graphite
was almost completely dissolved, that saturated the matrix
with carbon during laser heating. It caused (locally) de-
crease in melting temperature. Thus, as consequence, local
melting appeared and ledeburite was formed.

Source: own work / Zréodlo: opracowanie wlasne

Fig. 4. The microstructure of the transition zone in the sur-
face layer of malleable iron after laser heat treatment.
Etched with nitride acid solution

Rys. 4. Mikrostruktura strefy przejsciowej w warstwie
wierzchniej zeliwa ciggliwego po laserowej obrobcee ciepl-
nej. Trawione nitalem

Source: own work / Zrédlo: opracowanie wlasne

Fig. 5. The microstructure of the transition zone between
the melted zone and the hardened zone from the solid state
in the surface layer of malleable iron after laser heat treat-
ment. Etched with nitride acid solution

Rys. 5. Mikrostruktura strefy przejsciowej zawartej pomie-
dzy strefa przetopiong a strefg zahartowang ze stanu stale-
go w warstwie wierzchniej zeliwa ciggliwego po laserowej
obrébce cieplnej. Trawione nitalem

Nevertheless, as opposed to flake and nodular irons, this
zone was found as extremely expanded (Fig. 6). It could be
due to more irregular distribution and shape of graphite phase
which is characteristic for malleable iron. This base micro-
structure of malleable iron might be also the reason of larger
areas of ledeburite than in case of flake or nodular irons. Such
situation (the existence of such an extended transition zone
containing the phases that have melted as well as those that
have not melted) should favor a particularly good bond be-
tween the melted zone and the unmelted base.
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Fig. 6. The microstructure of the cross section through the
transition zone, hardened zone from the solid state to core
material in the surface layer of malleable iron after laser
heat treatment. Etched with nitride acid solution

Rys. 6. Mikrostruktura na przekroju przez strefe przejscio-
wq, zahartowangq ze stanu statego do materiatu rdzenia za-
wartej w warstwie wierzchniej zeliwa ciggliwego po lase-
rowej obrébee cieplnej. Trawione nitalem

Lower than the transition zone, the hardened zone from
the solid state (already mentioned) was observed (Fig. 7).
This zone was an area in which only martensite and graph-
ite could be distinguished (so without any remelted phases).

The hardened zone
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Source: own work / Zrodlo: opracowanie wiasne

Fig. 7. The microstructure of the cross section through the
transition zone, hardened zone from the solid state to core
material in the surface layer of malleable iron after laser
heat treatment. Etched with nitride acid solution

Rys. 7. Mikrostruktura na przekroju przez strefe przejscio-
waq, zahartowangq ze stanu statego do materialu rdzenia za-
wartej w warstwie wierzchniej zeliwa ciggliwego po lase-
rowej obrobce cieplnej. Trawione nitalem
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The hardened zone from the solid state was bordered
with the core material (consisting of pearlite and graphite —
Fig. 1). Between the hardened zone from the solid state and the
core material in the case of analized cast iron a clear boundary
between them could be noticed (Fig. 8).

T P S

Source: own work / Zrodlo: opracowanie wlasne

Fig. 8. The microstructure of the border between the hard-
ened zone from the solid state and the core material in the
surface layer of malleable iron after laser heat treatment.
Etched with nitride acid solution

Rys. 8. Mikrostruktura granicy pomiedzy strefg zahartowa-
ng ze stanu stalego a materialem rdzenia w warstwie
wierzchniej zeliwa ciggliwego po laserowej obrébee ciepl-
nej. Trawione nitalem

The changes of the hardness value measured from the sur-
face to the core material after laser heat treatment of the malle-
able iron was shown in Fig. 9. An almost 4-fold increase (in
average) of the melted zone hardness (over 1000HV0.1) was
obtained in comparison to the hardness of the matrix of the
base material. It is worth to mention, that this zone was the al-
loyed zone. Thus, this increase was not only because of very
fine and hardened microstructure, but also due to supersaturat-
ing with alloying elements: boron and silicon.

Not so large scatter of the hardness (1/2L0.1=51) con-
firmed homogenous microstructure of the melted zone visi-
ble in the Fig. 3 (as opposed to the transition zone and the
hardened zone from the solid state). In case of those zones
decrease of the hardness was noticed from approx.
1000HVO0.1 to the hardness of the matrix of the core mate-
rial (about 270HVO0.1). It is also worth noting that this cast
iron was characterized by high value of the hardness just
under the melted zone (reaching approx. 900-1000HV0.1 in
its vicinity). It was due to ledeburite existence. The depth of
the hardened zone from the solid state (together with the
transition zone) was similar to the depth of melted zone.
This fact and the gentle hardness changes on the cross sec-
tion though these zones (from the melted zone to the core
material) should cause gentle changes of the internal stress-
es and favor the wear resistance increase of the malleable
iron machine parts treated in this way.
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Fig. 9. The changes in the hardness measured from the surface to the core material after laser heat treatment of the malleable iron
Rys. 9. Zmiana twardosci zmierzonej od powierzchni w kierunku rdzenia materialu po laserowej obrobce cieplnej zeliwa ciggliwego

The depth of the melted zone was approximately
0.7 mm. Taking in to account that melting for cast irons
starts at ~1150°C (according to the Fe-C diagram) such
depth corresponds to the counted depth (Fig. 10) on the
base of equation no 4 (presented in the Methodology). In
the Fig. 10 the temperature changes from the treated surface
to the core material were presented. Except the temperature
changes of EN-GJMB-450-6 malleable iron, also some oth-
er gray irons were presented. It could be noticed the speci-
ficity of analyzed malleable iron. Its thermophysical prop-
erties different from properties of the majority of gray irons
cause different effect in its surface layer after laser heat
treatment. These proprieties have a crucial influence on the
LHT effects in the surface layer. It can be expected (for the
same laser heat treatment conditions) a smaller depth of
modified layer for malleable iron than the depth for flake
irons (for example EN GJL-150, EN GJL-250 or EN GJL-
300) and much smaller than the depth for nodular irons
(from EN GJS-350 to EN GJS-800) (Fig. 10). Consequent-
ly, higher laser beam power density and/or its longer inter-
action time on the treated surface need to apply in case of
malleable iron to attain the similar depth of modified layer
after laser treatment as in case of other gray irons.

Another crucial aspect that needs to be taken in to ac-
count is related to the cooling rate during laser heat treat-
ment. This part of any heat treatment has the essential in-
fluence on the microstructure and, as a result, properties of
treated material. In Fig. 11 the evaluated change of the
cooling rate value (on the base of equation no 5 presented
in the Methodology) from the surface to the core material
during the laser heat treatment with the same laser heat
treatment conditions (and for the same examples of gray
irons as in case of temperature changes - the Fig. 9) was
shown. The evaluated cooling rate on the treated surface of
malleable iron was lower in approx. 100°C-s** than for nod-
ular irons. Therefore, it could be expected other conditions
of creating microstructure of melted zone in case of ana-
lyzed cast iron. Less metastable phases, less supersaturation
of solid states could be expected in the surface layer of the
malleable iron than for others gray irons (especially nodu-
lar) after laser treatment performed in the same conditions.
Thus, this is additional important aspect that has to be con-
sidered during the selection of the laser heat treatment con-
ditions, especially the values of the laser beam parameters
(laser beam power density and its interaction time/scanning
velocity).
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Fig. 10. The evaluated change in the temperature value from the surface to the core material during the laser heat treatment
with laser beam power density E = 26 W-mm and its scanning velocity V = 1.87 mm-s™ for chosen gray irons

Rys. 10. Oszacowana zmiana wartosci temperatury od powierzchni w kierunku rdzenia materiatu podczas laserowej obrob-
ki cieplnej z zastosowaniem gestosci mocy wigzki laserowej E = 26 W-mm? i predkosci jej posuwu V = 1.87 mm-s* dla wy-

branych zeliw szarych

Marta PACZKOWSKA

55

.Journal of Research and Applications in Agricultural Engineering” 2018, Vol. 63(1)



1000

—GJMB-450-6

—EN GJL-150

EN GJL-250

—EN GJL-300

—EN GJS-350 - EN GJS-450

—EN GJS-500 - EN GJS-800

AT/At [°C/s]

100

0 01

02 03 04 05

Z [mm]

06 07 08 09 1 11 1.2

Fig. 11. The evaluated change of the cooling velocity value from the surface to the core material during the laser heat treat-
ment with laser beam power density E = 26 W-mm and its scanning velocity V = 1.87 mm-s™ for chosen gray irons

Rys. 11. Oszacowana zmiana wartosci predkosci chtodzenia od powierzchni w kierunku rdzenia materiatu podczas laserowej ob-
1r6bki cieplnej z zastosowaniem gestosci mocy wigzki laserowej E = 26 W-mm i predkosci jej posuwu V = 1.87 mm-s™* dla wybra-

nych zeliw szarych

The malleable iron, because of its interesting mechani-
cal properties applies in many industry branches. But, in
case of the need of the surface treatment by laser heating to
machine parts made of this cast iron its special thermophys-
ical properties need to be taken into account.

4. Conclusion

The following conclusions can be formulated on the
base of the performed study.

After laser heat treatment of the malleable iron modified
microstructure of its surface layer with very fine-
crystalline, homogenous and hard (above 1000HVO0.1)
melted zone was achieved. 4-fold increase in hardness (in
comparison to the hardness of matrix of the core material)
of melted zone was not only caused by very fine and hard-
ened microstructure, but also due to supersaturating with
alloying elements: boron and silicon. The graphite phase
was almost entirely diluted during the melting, so the ma-
trix enriched not only with alloyed elements but also with
carbon. Under the melted zone transition zone was noticed
with martensite and large ledeburite areas. Graphite was
also almost completely dissolved. In comparison to flake or
nodular irons, this zone was found as extremely expanded.
It could be due to more irregular distribution and shape of
graphite phase which is characteristic for malleable iron.
This base microstructure of malleable iron might be also
the reason of larger areas of ledeburite than in case of flake
or nodular irons. The existence of such an extended transi-
tion zone should favor a good bond between the melted
zone and the unmelted base. Below the transition zone the
hardened zone from the solid state with martensite and
graphite was observed. A very clear boundary between the
hardened zone from the solid state and the core material
was noticed.

Analyzed cast iron was characterized also by high value
of the hardness just under the melted zone (reaching ap-
prox. 900-1000HVO0.1 in its vicinity). It was due to lede-
burite areas existence. The gentle hardness changes (from
1000 to about 270HV0.1) on the cross section though tran-

Marta PACZKOWSKA

sition zone and hardened zone from the solid state was no-
ticed. This fact should cause also gentle changes in the in-
ternal stresses and favor the wear resistance increase of the
malleable iron machine parts treated in this way. Addition-
ally, the depth of the hardened zone from the solid state
(together with the transition zone) was similar to the depth
of melted zone (~ 0.7 mm). Achieved depth of the melted
zone corresponded to the counted depth.

Because of some differences in thermophysical proper-
ties values between the malleable iron and other gray irons
(flake and nodular) the comparison of expected effects of
LHT was performed. It allowed to state that for the same
laser heat treatment conditions, due to malleable iron prop-
erties, a smaller depth of modified layer can be achieved
than the depth for flake irons (for example EN GJL-150,
EN GJL-250 or EN GJL-300) and much smaller than the
depth for nodular irons (from EN GJS-350 to EN GJS-800).
It means that higher laser beam power density and/or its
longer interaction time on the treated surface need to be ap-
plied in case of malleable iron to reach the comparable
depth of modified layer after laser treatment as in case of
other gray irons. Additionally, the evaluated cooling rate
during the laser heat treatment from the surface to the core
material also allows to expect differences in the microstruc-
ture of the surface layer in the malleable iron than in other
gray (particularly nodular) irons. The cooling rate during
the laser treatment on the heated surface of malleable iron
is lower in approx. 100°C-s? than for nodular irons. Less
metastable phases, less supersaturation of solid states can
be expected in the surface layer of the malleable iron than
for others gray irons (especially nodular) after laser treat-
ment performed in the same conditions. Thus, this is addi-
tional important feature that has to be considered during the
selection of the laser heat treatment conditions (especially
the values of the laser beam parameters: laser beam power
density and its interaction time/scanning velocity).

The malleable iron, because of its interesting mechani-
cal properties is finding application in many industry
branches (also in agricultural). The performed research
showed that it is possible to achieve high hardness with mi-
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crostructure homogeneity of the surface layer, gentle hard-
ness changes on the cross section from the surface to the
core material after laser heat treatment (that should favor
the wear resistance increase of the cast iron machine part
and favor the selection of this kind of treatment). Neverthe-
less, in case of applying the laser heat treatment to machine
parts made of this cast iron its special thermophysical prop-
erties need to be taken in to account.
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