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Abstract The good capacity of gray cast iron for the
manufacture of complex geometry components is widely
recognized, but its low resistance to corrosion and low
weldability complicate the use of this material for some
industrial applications. The corrosion resistance can be
improved by metallic surface layers using welding pro-
cesses with low percentages of dilution between the filler
and base material. However, the welding processes impose
very high heat load on the base material, which in the case
of cast iron could promote the formation of hard and brittle
microstructures, facilitating the formation of cracks. This
work deals with weld beads of duplex steel on lamellar
gray cast iron made either by plasma-transferred arc
powder (PTA-P) or by metal inert gas (MIG) using the cold
metal transfer (CMT) technology, with emphasis on
achieving low dilution, hardness and imperfections (inter-
nal porosities). Preheating was used to reduce the hardness
in the heat-affected zone, while different levels of helium
were added in the shielding gas to study its effect on the
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geometry and hardness of the weld beads. The results
showed that the PTA-P process resulted in lower values of
dilution and hardness because of a low cooling rate com-
pared to that of the MIG-CMT process. In addition, it was
observed that preheating the base material reduced the
hardness of the heat-affected zone but increased the dilu-
tion of the weld bead.

Keywords Cast iron - Cladding - CMT - Duplex steel -
PTAW < processing - Preheating of substrate <
processing

Introduction

For geometrically complex, flow-optimated components
like pump casings, casting is the production method of
choice. To produce as economical as possible, gray cast
iron with lamellar graphite can be used. Yet corrosion,
cavitation and abrasive materials can make higher alloyed
base materials necessary, resulting not only in reduced
castability, but also in higher production costs because
expensive alloys are also present in areas without exposi-
tion to the medium (Ref 1-3). Through the surface layer
located in the areas affected by corrosion, cavitation and
abrasion, it is possible to reduce costs, increasing the
effectiveness and life of the component (4-11).

A cast iron alloy is defined as an iron—carbon-based
alloy containing more than 2.06 wt.% carbon. The carbon
is deposited in the mostly ferritic—pearlitic structure as
graphite. By adding alloying elements like manganese, it is
possible to modify the geometrical form of those deposi-
tions resulting in different mechanical-technological
properties. While heat treatments can change the metal
matrix as well as the properties of the cast iron, the
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geometrical forms of the graphite do not change. An
important challenge in the surface layer of cast iron
materials is graphite, which can appear in vermicular,
spherical or lamellar form, which is a source of carbon that
diffuses to other regions of the material, which facilitates
the formation of martensite and ledeburite structures (Ref
12). For this reason, the weldability of cast irons depends
on their original matrix structure, chemical composition,
mechanical properties, welding process and working con-
ditions (Ref 13). When the cast iron is welded, three zones
can be identified in metallographic cross sections of the
weld beads, the fusion zone (FZ), where the base metal is
mixed with the filler material, characterized by high cool-
ing rates producing very hard and brittle microstructures.
The partially melted zone (PMZ) borders the FZ and is
formed by the portion of the matrix of the base metal near
the primary graphites melted during the welding pass. In
the heat-affected zone (HAZ), the peak temperature rises
above the critical point. There is no fusion, but the matrix
is transformed into austenite during heating. During cool-
ing, a variety of microstructure transformations is obtained
(Ref 13-15).

The formation of carbides, ledeburite and martensite
structures in different zones of the weld bead promotes the
formation of cracks in the base material, due to the high
hardness that is achieved (Ref 15). As a general procedure
to prevent the formation of these cracks, thermal treatments
before and after welding are recommended (Ref 13-16).
Preheating temperatures are generally in the range of
300-600 °C. According to (Ref 17), a preheat temperature
of 540 °C is necessary for a significant reduction in hard-
ness in the FZ and the HAZ when gray cast iron is welded
with mild steel electrodes. However, to improve the
machinability of welded cast iron a post-weld heat treat-
ment (PWHT) is also necessary. Very slow cooling curves
can prevent the formation of eutectic carbides during
solidification in the PMZ, while typical preheating tem-
peratures often tend to increase the quantity and continuity
of the carbides instead of reducing their formation (Ref
14).

To avoid hardening and crack formation in the HAZ, the
cooling times need to be long, which can be achieved by
preheating and high heat input per unit length (Fig. 1) (Ref
12, 16, 18). Yet, this is a contradiction to the demand for
low dilution.

Welding Processes

For surface layer welding on cast iron, there are many
processes already known as suitable, for example gas
powder welding, plasma-transferred arc (PTA) welding,
metal inert gas (MIG) welding as well as manual metal arc
(MMA) welding with a stick electrode (Ref 12, 16, 18-20).

Usually dilutions up to 10-15% are suggested for good
surface weldings to maintain the aimed properties of the
weld surface material (Ref 21). Aside the PTA process, the
MIG welding process in its variant called cold metal
transfer (CMT) seems suitable due to its low heat input and
material transfer in the short phase to create those surface
layers. In preceding works (Ref 22, 23), it has been found
that the MIG-CMT process is suitable to make welds on the
gray cast iron, with low dilutions and increasing its resis-
tance to corrosion by means of coatings with duplex
stainless steel.

The CMT process is a modified variant of the short-
circuit metal transfer mode characterized by low energy
levels, achieved by a combination of electronical regula-
tion and enforced retraction of the welding wire in order to
improve the droplet detachment. This improved variant of
the classical short arc process has been known for years
(Ref 24). During the arc phase, the current and voltage and
therefore the arc length and heat input can be adjusted to
ensure the molten pool formation and the melting of the
filler material. The following short-circuit phase uses a
combination of electronic current control and mechanical
retraction of the wire to assure a spatter-reduced transfer of
the molten filler wire as well as a reduced current for re-
ignition of the arc. With the MIG-CMT process, surface
layers on nickel alloys with dilutions of 3% have been
achieved showing its suitability for low heat input clad
welding using a wire to produce the weld clad (Ref 25).

On the other hand, the plasma-transferred arc powder
(PTA-P) welding process is characterized by a pilot arc
established between the tungsten electrode and the con-
strictor nozzle. This pilot arc has a current between 5 and
50 A, and its objective is to provide ionized plasma for
ignition of the main arc (Fig. 2). The main arc is charac-
terized by its columnar shape and its high energy levels.
The filler material in powder form is added by holes near
the main arc hole in the constricting nozzle. The powder
particle morphology influences the process. Spherical
particles are preferred over particles of irregular shape as
they exhibit poor feeding characteristics (Ref 26). How-
ever, the production costs of spherical particles are high, as
they are made by an atomization process which involves
nitrogen or argon (Ref 27, 28). The number of holes and
the arrangement of them in the constricting nozzle vary
depending on the manufacturer of the product (Fig. 2).
This welding process is characterized by obtaining low
levels of dilution, between 3 and 8% for the Stellite 6 alloy
as an example (Ref 29). The PTA-P process is considered
to be difficult to set up welding process, due to the
numerous parameters that must be considered for produc-
ing a weld. The main parameters are: electrode diameter,
constriction nozzle diameter, flow rate of the plasma gas,
shielding gas and transport gas and the powder feed rate.
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Fig. 1 Crack formation in HAZ
while cladding cast iron

weld clad

Fig. 2 Schematic of the =83

plasma-transferred arc (PTA)
welding process with powder as
addition material: (1) base 15
material, (2) tungsten electrode, \
(3) pilot arc electrical circuit,
(4) main arc electrical circuit,
(5) shielding gas nozzle, (6)
feeding gas and powder, (7)
constriction nozzle, (8) plasma
gas, (9) cathode clamping
device, (10) pilot arc, (11) main
arc, (12) molten pool, (13)
surface layer, (14) plasma gas
supply, (15) shielding and
feeding gas supply, (16) powder
supply, (17) oscillation (Ref
30, 31)

The shielding gas in the welding processes, besides
having the important mission of isolating the molten pool
from the atmosphere, also has additional effects (no less
important than the main function), such as stabilizing the
arc, controlling the operational and metal transfer, influ-
encing the geometry, mechanical properties and metallur-
gical characteristics of the weld. The thermal conductivity
of each shielding gas directly influences the fusion effi-
ciency. Figure 3 compares the thermal conductivity for
argon, helium and mixtures between them, observing that
for temperatures above 15,000 K the thermal conductivity
of helium increases considerably compared to argon.
Argon at atmospheric pressure and at 20,000 K of tem-
perature has a thermal conductivity close to 2.64 J/m s K,
while pure helium at same conditions has a thermal con-
ductivity of 40 J/m s K (Ref 32). Therefore, helium has a
higher heat transfer capacity resulting in a higher heat
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imposed on the base metal, facilitating the welding of
materials with high thermal conductivity and enabling the
use of higher welding speeds. Compared to argon, helium
forms larger and rounder weld beads in the MIG process,
however not necessarily with greater penetration (Ref 33).

Aim of the Investigation

The objective of this article is to study the behavior of gray
cast iron with lamellar graphite, using duplex stainless steel
as filler material, and observe the crack behavior on the
weld beads. The MIG-CMT and PTA-P welding processes
will be used. The welding parameters for each welding
process will be adjusted according to the requirements of
each process to obtain the best weld quality. Therefore,
parameters such as amplitude of oscillation and welding
speed will be adjusted. Different preheating temperatures
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Fig. 3 Thermal conductivity of inert gases at 1 atm pressure.
Adapted from (Ref 32)

will be applied, in order to observe their impact on the
behavior of the cracks and the chemical composition of the
weld beads. As shielding gases, mixtures of argon with
different helium amounts will be studied, in order to
observe their influence on the geometry of the weld beads
and on the cracks of the base material, especially its
influence on the dilution.

Materials and Experimental Details
Material

The filler material used for the MIG process was a duplex
stainless steel solid wire G 22 9 3 N L (EN ISO 14343-A)
of 1.0 mm diameter. The powder used as filler material for
the PTA-P process was manufactured by gas atomization
and with a granulometry between —150 and 4+ 53 pm and
has a composition within the limits of a duplex stainless
steel 1.4462 (EN 10088-3) (Fig. 4). The base material used
is an EN-GJL-250 gray cast iron plate with dimensions of
300 mm x 200 mm x 8 mm (w x b x t). The chemical

composition of the materials is determined by spark optical
emission spectroscopy (Table 1).

The MIG welding power source used within the experi-
ments was a Fronius Cold Metal Transfer Advanced 4000,
with the synergic curve for CrNi 19 9 (CMT 0877), whereas
the plasma-transferred arc welding source used was a Cas-
tolin Eutectic Eutronic GAP 2501. A set of standard
parameters, with the aim of achieving a low dilution level,
was determined experimentally for both processes
(Table 2). A data acquisition system with 20 kHz acquisi-
tion rate was used to measure the voltage and current signals
of the arc welding processes; furthermore, three thermo-
couples were attached (in 5 mm distance of each other) next
to the weld bead flank (5 mm) to obtain the temperatures and
cooling rates of the weld beads (Fig. 5). The cooling rate was
defined as the rate of change (°C/min) necessary to reach a
temperature 50 °C lower than the maximum temperature of
each measurement made with the thermocouple 1.

In order to study the influence of the preheating on the
formation of the microstructures and the dilution level, the
cast iron plates were clamped on a heater plate. The sur-
facing layers were made at room temperature (25 °C) and
at preheating temperatures of 200 and 400 °C. Three dif-
ferent types of shielding gas were used and each one with
different helium amounts of 0, 30 and 100%, with the
objective of observing its influence on the geometry and
the superficial cracks of the weld bead.

Methods

Before carrying out the welding tests, the surface of the
base materials was ground to remove any surface oxide.
Then, the surface was cleaned with ethanol to remove any
oil or polluting agent. Single weld beads were made to
study the influence of each variable previously proposed.

To compare the influences of different gas mixtures, the
parameters of each welding process were regulated in such
a way that the energy of the arc was the same for each gas
mixture.

The samples for the metallographic examination were
obtained by cutting with a water jet process, trying to reduce
the thermal influence of the cut on the microstructure of the
sample. Standard metallographic procedure was used for
microstructural examinations. Nital 2% solution was used to
reveal various microstructure constituents in the weldment.

The composition of the weld beads was measured by
removing 0.15 mm from the surface of the beads and
analyzed by means of optical emission spectrometry
(OES).

The average hardness of various microstructural zones
in the weldments was obtained by Vickers microhardness
test, specifically HV0.5 following DIN EN ISO 6507-1 and
DIN EN ISO 9015-2.
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Fig. 4 Morphology of powder
used as filler material for the
PTA-P process (1.4462)
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Table 1 Chemical composition by weight of gray cast iron EN-GJL-250 (EN 1561), duplex stainless steel wire (EN ISO 14343-A) and powder
(EN 10088-3)

Material C, wt.% Mn, wt.% Cr, wt.% Mo, wt.% Ni, wt.% N, wt.% Fe, wt.%
EN-GJL-250 343 0.760 0.110 0.040 0.100 92.0
Duplex stainless steel (wire) 0.024 1.77 21.6 3.13 5.73 0.158 66.7
Duplex stainless steel (powder) 0.029 1.20 2342 3.22 5.66 65.3

Table 2 Welding variables and

parameters MIG-CMT PTA
Welding speed, cm/min 40 5
Wire feeding rate, m/min 7
Powder feeding rate, kg/h 1.4
Shielding gas, L/min 20 15
Plasma gas, L/min 0.5
Feeding gas, L/min 3.0
Correction, % +15 .
Torch inclination angle, °© +15 (stabbing) 0
Distance contact tube, mm 14 5
Preheat temperature, °C 25, 400 25, 200, 400
Shielding gas type Ar, ArHe30, He Ar, ArHe30, He
Plasma gas type Ar
Feeding gas type Ar, ArHe30, He
Constrictor nozzle diameter, mm 2.6
Oscillation amplitude, mm 20
Oscillation frequency, Hz 1
Results Weld bead
Fusion zone 5 5 5 |
Metal Inert Gas (MIG) Welding Process by Cold Partially melted AR
Metal Transfer (CMT) on Gray Cast Iron o e cted >\\\§§\\\> \\\\\\\\ T
zone ' ;/M////:’///// \ X
Influence of the Preheating Temperature
The cross sections of the weld beads did not reveal Tr:ermozcoup:lses

imperfections as internal porosities or cracks (Fig. 6). The

.geometrlles of the Welq beads were strongly z}ffeCted by.the Fig. 5 Thermocouples distribution (1, 2, 3) and different zones that
increase in the preheating temperature, especially the width  ¢ompound the weld bead
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Fig. 6 Macrosections of weld
beads (MIG-CMT process with
argon as shielding gas) at
preheating temperatures

(a) 25 °C and (b) 400 °C

Fig. 7 Influence of the 18
preheating temperature on the

=& Arc energy

geometry of the weld beads
considering the arc energy per

Bead width

unit length

Penetration

m Reinforcement

Distance (mm)

Arc energy per unit length (kd/cm)

25
Preheating temperature (°C)

of the weld beads, which increases from 4.5 to 8 mm
(Fig. 7). The penetration and the reinforcement of the weld
bead were also affected, and both varied around 1 mm, the
penetration increased, and the bead height decreased. The
arc energy per unit length remained practically constant
during the tests.

The fusion zone (FZ) has a behavior similar to pene-
tration and weld bead height, increasing while the bead
area has no significant changes (Fig. 8). The dilution at
room temperature is 8.9%, while with preheating temper-
ature of 400 °C the dilution is 20.4%. On the other hand,
the area of the PMZ also increases with the preheating
temperature, starting with 0.8 mm? until reaching 1.2 mm?.
The hardness in the PMZ increased approximately 80
HVO0.5 when the preheating temperature was 400 °C.
However, the HAZ had a greater change in its hardness,
starting with 658 HVO0.5 for room temperature and with
361 HVO0.5 for 400 °C with preheating (Fig. 9). These
changes in the PMZ and the HAZ are visible in Fig. 10,
where a large change in the HAZ is observed for 400 °C
preheating temperature.

O =~ N W H» O O N © ©

Influence of the Helium Amount in the Shielding Gas

The amount of helium in the shielding gas directly influ-
enced the geometry of the weld beads and the penetration
profile, observing a type of “finger shape” profile for 100%
helium (Fig. 11). Furthermore, the weld beads made with
30 and 100% of helium contents showed some superficial
cracks, as observed in Fig. 11(d). The width of the weld
beads increased as the amount of helium increased in the
shielding gas, beginning with 4.5 mm for pure argon to
9.8 mm for 100% helium. In the case of the penetration and
reinforcement of the weld bead, its behavior is similar to
that observed in the tests for different preheating temper-
atures (Fig. 12).

The dilution increased to a level similar to that achieved
for a preheating of 400 °C, in this case a maximum of
19.3%. The FZ consequently increased with the amount of
helium. The area of the PMZ was increased with the largest
amount of helium to approximately 1.3 mm? (Fig. 13). The
maximum hardness measured in the PMZ for 100% helium
was 622 HV0.5, a similar value for that obtained in the
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same zone for 400 °C of preheating, approximately 637
HVO0.5. However, the behavior of the HAZ is totally dif-
ferent if compared to the behavior for preheating; in this
case, the HAZ becomes harder for higher helium contents
in the shielding gas, reaching a maximum hardness of 661
HVO0.5 (Fig. 14).

Plasma-Transferred Arc Powder (PTA-P) Welding
on Gray Cast Iron

Influence of the Preheating Temperature
No cracks and porosities are observed in any of the areas of
the weld bead in the cross sections of the weld beads made

for three levels of preheating temperature (Fig. 15). The
width and penetration of the weld beads did not show
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significant variations, while the arc energy per unit length
remained without relevant variations (Fig. 16).

The preheating temperature had a significant influence
on the penetration, which varied between 0.4 mm (25 °C)
and 0.7 mm (400 °C). The width of the weld beads varied
between 24.5 mm (25 °C) and 24.8 mm (400 °C), while
the weld bead reinforcement tended to decrease strongly,
obtaining 3.4 mm (25 °C) and 2.6 mm (400 °C) (Fig. 16).
This behavior in the reinforcement is explained by the
increase in the FZ and the decrease in the area of the weld
bead, which also causes the increase in dilution up to 21%
(400 °C) (Fig. 17). The increase in the preheating tem-
perature also favored the growth of the PMZ area, which at
25 °C is 5.3 mm?, while at 400 °C it is 8.7 mm”.

The influence of the preheating temperature, in addition
to influencing the growth of the PMZ, also influenced the
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Fig. 10 Microhardness
measurements for the samples
made with MIG-CMT process
with 25 and 400 °C preheating
temperature

Fig. 11 Macrosections for different helium amounts in the shielding gas (a) 0%, (b) 30%, (c) 100%, (d) superficial appearance of the single weld
bead with 100% of helium content. MIG-CMT process without preheating

increase in hardness, whereas for temperatures of 25 and
200 °C the hardness of the PMZ remained without signif-
icant changes, around 520 HVO0.5, while for 400 °C the
hardness increased drastically to 670 HVO0.5. On the other
hand, the hardness of the HAZ tends to decrease with the
increase in the preheating temperature, reaching a mini-
mum value of 291 HVO0.5 for 400 °C. The fusion zone
tends to increase its hardness with the preheating

temperature, from 242 HV0.5 (25°) to 307 HV0.5 (400 °C)
(Fig. 18).

Influence of the Helium Amount
The cross sections of the weld beads did not show internal

cracks; however, when pure helium is used as shielding and
feeding gas, internal porosities can be observed (Fig. 19).
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Fig. 12 Influence of the helium
amount in the shielding gas on
the penetration, width and
reinforcement of the weld beads
considering the arc energy per
unit length. MIG-CMT process
without preheating

Fig. 13 Influence of the helium
amount in the shielding on
different zones and dilutions of
the weld beads. MIG-CMT
process without preheating

Fig. 14 Microhardness of
different zones in the weld bead
for different amounts of helium.
MIG-CMT process without
preheating

In comparison with welds made with pure argon, helium
had a greater influence on the width of the weld bead. Also,
a variation is observed in the penetration (Fig. 20). With
helium amounts lower than 30%, there are no significant
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differences in the width of the weld bead. When 100%
helium is used, the width of the weld bead increases to
28 mm. In the case of the penetration and reinforcement of
the weld bead, both have an opposite behavior. While the
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Fig. 15 Macrosections for different preheating temperatures (a) 25 °C, (b) 200 °C, (c) 400 °C. PTA-P process with argon as plasma gas and

shielding gas
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penetration increases from 0.4 to 1.3 mm with the amount
of helium, the reinforcement decreases from 3.4 to 1.6 mm.
As in the MIG-CMT process, when increasing the helium
content in the shielding gas, cracks were observed on the
surface (Fig. 19d).

The dilution of the weld beads changed from 4.4 to 36%
when the amount of helium increased in the shielding gas.
This is supported by the progressive decrease in the weld
bead area and the increase in the fusion zone, indicating

400
Preheating temperature [°C]

that there is a greater dilution between the filler material
and the base material (Fig. 21). However, PMZ tended to
reduce its size when the amount of helium increased, from
5.3 mm? for pure argon to 4 mm? for pure helium, while its
hardness increased with the amount of helium present in
the shielding gas. Similar behavior had the hardness in the
fusion zone and the HAZ; it increased with the amount of
helium in the shielding gas (Fig. 22).
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Fig. 18 Microhardness of 800

different zones in the weld bead

for different preheating 700

temperatures. PTA-P process
with argon as plasma gas and

shielding gas 600

(S}
(=]
[}

Peak Hardness (HV0.5)
'S
o
o

@25°C 2200°C S400°C

(d)

Fig. 19 Macrosections for different helium amounts in the shielding and feeding gas (a) 0%, (b) 30%, (c) 100%, (d) superficial appearance of the
single weld bead with 100% of helium content. PTA-P process without preheating

Discussion

From the analysis made to the geometry of the weld beads,
it was observed that the penetration behavior and the bead
width, in the specific case of the MIG-CMT process, were
strongly affected, enlarging the width of the weld bead and
the penetration when the amount of helium and the pre-
heating temperature were increased. When the preheating
temperature increased, the width and penetration rose due
to the fact that the base material was already at an elevated

@ Springer

temperature (400 °C), which facilitated the formation of
the melted pool and the melting of the base material,
achieving greater penetration and bead width. In the case of
the increase in the amount of helium in the shielding gas,
the bead width and penetration were increased by the
increase in the arc energy, product of the high ionization
potential required by helium, which rise the welding arc
temperature, promoting an increase in the width and
penetration.
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Filler material in PTA-P process is added externally,
interposing between the molten pool and the welding arc,
leading to the arc energy being used as a great part to melt
the additional material and not the base material, influ-
encing the penetration depth. The bead width obtained by
the PTA-P process was influenced significantly just when
the amount of helium increased in the shielding gas; this is
due to the increase in the arc energy, as it happened with
the MIG-CMT process.

By increasing the preheating temperature or the amount
of helium in the shielding gas, different areas that com-
pound the weld bead were affected. The fusion zone (FZ)
was significantly affected; in particular, the MIG-CMT

process had a bigger FZ than the PTA-P, which makes
sense when the penetrations and the bead areas are com-
pared for both welding processes. The size of the FZ
depends on the time during which the base metal remains
above the melting point (Ref 34). This time is prolonged
when the base metal is preheated. Therefore, it is expected
that when the preheating temperature increases, conse-
quently the bead width, penetration and FZ increase also,
having a tendency to prevent the formation of martensite.
Other investigations show opposite results, where the weld
beads were thinner (Ref 13). Figure 23(a) shows the tem-
perature curves for weld beads made with PTA-P process
with pure argon and the mixture argon with 30% of helium
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Fig. 23 (a) Temperature curves and (b) cooling rate values for different preheating temperatures and shielding gases in the PTA-P and MIG-

CMT processes

as shielding gas for 25 °C of preheating temperature,
noticing that temperature at which the weld bead is
exposed is greater with the mixture gas. Furthermore, in
Fig. 23(a) are presented cooling curves for different pre-
heating temperatures with pure argon as shielding gas,
observing as the preheating temperature increases, the weld
bead is exposed to higher temperatures and for a longer
period of time. Figure 23(b) shows how the cooling rates
decrease while the preheating temperature grows up, which
means that at a higher preheating temperature the weld
bead cools more slowly. This last result is important for its
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influence on the weld bead hardness because as observed in
microhardness measurements, with slower cooling, higher
final hardness in the FZ and PMZ was obtained in the weld
bead.

The hardness of different zones was also analyzed,
finding that the PMZ is the one that has the highest hard-
ness. El-Banna (Ref 13) mentioned that the carbide pre-
cipitation is responsible for the high values of the hardness
in the PMZ. In the same work, the hardness of all zones
(FZ, PMZ, HAZ) decreased when the preheating temper-
ature increased to 300 °C. According to the results
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obtained in the present article, when preheating was used,
the HAZ decreased its hardness, while the FZ and PMZ had
the tendency to increase its value, in both welding pro-
cesses. Comparing the hardness of the FZ between the
PTA-P process and the MIG-CMT, the latter has higher
values; however, in the PMZ the hardness values of the
PTA-P process are highest for 400 °C of preheating. In the
case of the tests carried out for different amounts of helium
in the shielding gas, the microhardness in all the zones had
the tendency to increase, and it is highlighted that in the
specific case of the MIG-CMT process, the hardness of the
HAZ was greater than the PMZ. In Fig. 24, the chemical
composition measured in the weld beads made by PTA-P
process with pure argon for different preheating tempera-
tures is observed, where it is noticed how increasing the
temperature increases the amount of carbon in the FZ,
while the amount of chromium decreases. This agrees with
(Ref 13, 14, 21, 34) and with the results shown in Fig. 17,
where the dilution level of the weld beads for 400 °C of
preheating was 20.5%. Comparing the hardness of the HAZ
of the tests carried out with preheating and those with
different amounts of helium, it is observed that the hard-
ness is greater for the tests with different amounts of
helium in both processes. The reason is that the cooling
rate without preheating and additional helium in the
shielding gas is greater (68 °C/min for PTA-P) which
according to (Ref 14, 34) would promote the formation of
hard and brittle microstructures in the HAZ.

Comparing the cooling rates of each welding process
when preheating is used, it is possible to understand the

200
Preheating temperature [°C]

Silicon Manganese  e=@==Chromium

differences in HAZ hardness. In the case of the PTA-P
process without preheating, the cooling rate was approxi-
mately 64.4 °C/min, while for the MIG-CMT process it
was 244 °C/min. This difference is mainly due to the high
arc energy used in the PTA-P process in comparison with
MIG-CMT. With these cooling rates, the peak hardness in
the HAZ of the weld beads made with the PTA-P was
381.5 HVO0.5, while the MIG-CMT process reached 657.6
HVO0.5. The tendency to reduce the hardness is similar
when the preheating temperature was increased to 400 °C,
303 HVO0.5 for PTA and 361 HVO0.5 for MIG-CMT, where
the cooling rates were 27.4 °C/min for PTA-P and 46 °C/
min for MIG-CMT. The decrease in hardness is due to the
fact of the decreasing the cooling rate when the preheating
temperature is increased; therefore, it is expected a softer
microstructure in the HAZ and not the hard and brittle
martensite (Ref 35). Figure 25 shows how in the case of the
MIG-CMT process the HAZ of the weld bead without
preheating is mainly composed of martensite, while by
increasing the preheating temperature to 400 °C the
microstructure changed to a mainly ledeburite, which
corroborates that was obtained with microhardness mea-
surements. The high cooling rate of the MIG-CMT process
is explained by the low energy per unit length (Fig. 7),
where the value is approximately 10 kJ/cm compared to
the PTA-P process that has an energy per unit length of
36 kJ/cm (Fig. 16). Therefore, the temperature reached by
the base material with the MIG-CMT process is lower than
that of the PTA-P process (Fig. 23(b)). Considering the
known behavior of MIG processes in general, there is
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Fig. 25 Comparison of
different microstructures
present in the HAZ for the MIG-
CMT and PTA-P processes
without preheating (25 °C) and
with preheating of 400 °C

; \N

MIG-CM

Fig. 26 Surface layers made by
welding processes (a) PTA-P,
(b) MIG-CMT with a preheating
temperature of 400 °C

another possible explanation: Although the measured
energy per unit length might be lower in comparison with
PTA-P, the local heat input between PMZ and HAZ can be
higher, resulting in higher local dilution and therefore in a
higher carbon diffusion which leads to higher hardness due

@ Springer

to martensite content with similar cooling rates. This,
however, requires further investigation.

The high hardness in the weld bead caused by the high
cooling rate has a significant impact when consecutive
weld beads are making to produce a surface layer.
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Figure 26 shows a comparison between the surface layers
made with a preheating temperature of 400 °C with the
PTA-P and MIG-CMT processes, using the welding
parameters described in Table 2. In the case of the surface
layer made by the MIG-CMT process, a crack is evidenced
on the surface, which crosses through all the weld beads
that compound the surface layer. It should be noted that the
crack is formed during the cooling of the surface layer. The
surface layer made with the PTA-P process did not present
cracks or any other type of defect on the surface layer. The
defects observed in the surface layer made by the MIG-
CMT process can be explained by the rapid rate of cooling
(Fig. 23) which causes a high degree of hardness in the
PMZ (Fig. 9).

Conclusions

According to the results reported in this work, it can be
stated that:

1. The width and the penetration of the weld beads made
by the PTA-P process were influenced when the
preheating temperature and the helium content in the
shielding gas were increased. However, the welds
made by the MIG-CMT process had a strong increase
in their penetration and width when the preheating
temperature or the amount of helium in the shielding
gas increased.

2. The increase in the preheating temperature and the
amount of helium in the shielding gas promoted the
growth of the FZ and the PMZ, especially in the MIG-
CMT process.

3. The MIG-CMT process obtained higher hardness
values in all the tests carried out, due to higher
dilution percentages that mean an important diffusion
of carbon toward to weld bead.

4. The PTA-P process obtained the lowest dilution (4.4%)
at room temperature, even though the arc energy was
greater than that of the CMT process. However, when
both processes worked with 400 °C, their dilutions
were approximately similar, 20%.

5. While the preheating temperature increased, the dilu-
tion increased, and consequently, the hardness of the
FZ and the PMZ raised, while the hardness of the HAZ
decreased due to the lower cooling rates with the PTA-
P process. Similar hardness behavior was observed
when the amount of helium increased in the shielding
gas; however, in this case, the hardness of the HAZ
was not reduced with the increase in helium.

6. The PTA-P process proved to be better than the MIG-
CMT process when used on gray cast iron. However,

the operational complexity of the PTA-P process
makes the MIG-CMT a viable option when a decision
must be made.
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