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Summary 

CMT+P welding is less susceptible to hot cracking than the MAG welding process due to 
use of low heat input properties. Solidification cracking was found in all weld specimens 
that had greater 0.39KJ/mm heat inputs. Cracking occurs because of the contraction 
stresses generates during cooling. Hydrogen cracking is found in HAZ with low heat input 
parameters, this type of cracking occurred because of very rapid cooling and therefore 
not enough time to allow the hydrogen to dissipate from the specimen. To eliminate this 
type of cracking the experiment could be repeated by adding heating during welding to 
control and reduce the cooling rate. Due to high carbon content in the steel and very 
fast cooling the microstructure of the weld is martensitic in the base metal as well as the 
HAZ. Microstructure in the weld and base metal is martensitic due to high carbon con-
tent and rapid cooling. At low heat inputs dilution is less and therefore lower carbon 
content in weld pool. Better weld appearance and weld quality is achieved with CMT+P 
welding process than the conventional GMA welding processes because of the new wire 
movement technology during welding.  
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1 Introduction 
High carbon alloy (42CrMo4) has heat treatment possibilities. These types of high 
carbon alloys are commonly used in automotive and aircraft components because 
of the high strength properties. Tensile strength of 900-1200N/mm2 and high 
toughness of this material is useful for applications such as gears, tires, push rods 
and axle journals that require to withstand elevated toughness and strength. Weld-
ing is limited in this material and preheating of 200-300oC is highly recommended.  
 
The high strength and toughness properties of this alloy are very good and are 
hardly challenged by other alloy systems. It is therefore very important to under-
stand the different methods of manufacturing processes in particular welding pro-
cess in this case which is important in manufacturing these components.  

1.1 Aim 
Cold metal Metal transfer Transfer + pulse Pulse (CMT+P) welding process in com-
parison to the conventional gas metal arc welding processes have has great quali-
ties such as ability to perform welding with low heat inputs and producing better 
quality weld beads structure. High carbon steels are known to produce hot as well 
as cold cracking during conventional welding methods. To investigate and compare 
tThese conventional GMAW welding processes will be compared towith the CMT+P 
process. It will be interesting to see if the cracking could be eliminated using 
CMPT+P process.  
 
Firstly a literature survey is conducted followed by welding experiments, and 
metallographic experiments to determine if and why cracking is formed.  
 
Following welding processes, samples of individual processes are prepared and an-
alyzed microscopically to study the material phase changes or potential cracks. 
Study of hardness measurements of the samples are made to determine how heat 
input and different welding processes effect the hardness of the welded specimens.   

1.1.1 Objectives 
The objective of this research is to obtain relevant information from welded speci-
mens of the following qualities: 

• Susceptibility towards cracking in CMT+P and conventional GMAW 
• Quality of weld joints 
• Microstructure in the weld and HAZ 
• Hardness of welded joints 
• Dilution of filler material and base metal 
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2 Theoretical Background 
 
MIG (metal inert gas)/MAG (metal active gas) welding is a commonly used arc weld-
ing process within the last 50 years [1]. General name for these processes is GMA 
(gas metal arc) welding. During this process, plasma arc is burned between the 
melting electrode and the metal plate. This process is usually a reverse-polarity di-
rect current, where fusible electrode acts like an anode which is deposited onto the 
substrate which acts like a cathode [2]. 

 

2.1 Transfer Mode 
The arc is formed between the tip of the wire and the base metal. The wire is 
heated by the joule Joule effect[3], but the melting of the wire is due to the heat 
from the arc. The wire is fed forward and transferred to the weld pool. The molten 
metal is then transferred onto the workpiece. Most common transfer modes used 
are: Spray (SP), the mode which is most common technique for aluminium but also 
used in mild steel and stainless steel; short-circuiting (SC), a mode that is very com-
mon for most steel materials; and global (GL) [4, 5], less popular technique because 
of poor quality welding outcomes.  
 
In short-circuit metal transfer, a short circuit is caused as the molten metal makes 
contact with the workpiece and therefore arc is extinguished. This causes a tension 
of the weld pool which makes the molten metal drop off the tip of the electrode 
[4]. The arc quickly reignites again to heat and melt the electrode wire for further 
welding.  
 

2.2 Cold Metal Transfer – CMT+P 
Cold metal transfer is a new welding process that involves SC arc welding. The new 
method has revolutionized the conventional process of MIG/MAG welding in many 
fields:;  

• Better precision 
• Smaller distortion 
• Lower heat inputs 
• Drop by drop welding possibility 
• Better weld quality 
• Almost no splatter  
• Possibility to weld thin elements 
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Compared to the MIG/MAG process where electrode wire is fed until short-circuit 
occurs, the CMT+P process involves the electrode moving in and out with respect 
to the direction of the work piece at a specific frequency[6, 7]. Schematic in Fig-
ure 1 illustrates:  

 
1. Formation of the arc when the electrode wire moves towards the weld 

pool 
2. Wire continues to move towards weld pool until it touches the welded sur-

face 
3. Welding wire withdrawal and an arc voltage decrease causes droplet sepa-

ration 
4. Wire movement is reversed and then we are back to point 1 of the process 
 

2.3 Shielding Gas 
The difference between MIG & MAG welding is the type of shielding gas that is 
used. Shielding gas is an external gas inlet around the welding wire inside the weld-
ing gun. The shielding gas protects the weld area from atmospheric gases such as: 
oxygen, nitrogen and hydrogen, and therefore reduces chances of pores formation, 
cooling cracks, excess of oxides, nitrates and inclusions [3]. Argon, Carbon Dioxide 
and Oxygen gases or a mixture of these gases are most commonly used as the 
shielding gas. Similarly shielding gas in the GMAW welding is an important variable 
to determine the quality and productivity of the process [8, 9]. 
 
Argon is the most common gas in GMAW process. It is an inert gas and therefore 
does not react with the molten metal, it is also very good with arc ignition and arc 
stability because of the low ionisation potential [2]. However with pure argon there 
spatter may occur, therefore to reduce spatter CO2 gas is added to Argon. It is found 
that for splatter reduction, shielding gas of about 20% carbon dioxide used. When 
carbon content is increased further, the droplet size also increases and therefore 
more splatter occurs. On the other hand when lower amount or no carbon dioxide 
is used, the arc becomes unstable and therefore more splatter occurs [10].  

  
Figure 1. Schematic of CMT+P technology: welding wire’s movement cycle [6] 
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2.4 Weld Cracking  

Figure 2 below is a schematic to show where different types of cracking that could 
be found on welded specimens. Weld, HAZ and base metal is separated  

  

 

 

2.4.1 Solidification Cracking 
Solidification cracking is one of the most common problems during welding in high 
carbon steels. High carbon steels are very sensitive to solidification cracking in the 
weld metal during cooling. Research shows that this type of hot cracking is in-
creased with increase of carbon content. Furthermore solidification cracking is 
most intense at 0.4%C and less intense at higher carbon content of 0.65%C [11]. 
The reason why this type of hot cracking sensitivity is higher in high carbon steels 
than in low carbon steels is because, when alloying elements are added to the weld 
metal, the solidification temperatures increase in range and decrease in the final 
solidification temperature, therefore the sensitivity of hot cracking is in-
creased[11].  
 
Heat input during welding can affect the hot cracking behavior considerably, 
mostly because of the amount and scale of segregation that occurs [12]. Solidifi-
cation cracking can be eliminated by controlling the cooling rate in welding. Hot 
cracking is from high tensile stresses occurring during cooling in the weld. When 
the weld metal is not fully solidified, shrinkage stresses cause intergranular cracks 
in the center of the weld where final solidification stage takes place during cool-
ing [13].  

 
 
 
 
 

 
Figure 2. Schematic of weld cracking overview 
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2.4.2 Hydrogen-Assisted Cold Cracking 
HACC can form in presence of sufficient amount of diffusible hydrogen accompa-
nied by residual tensile stresses. The absorbed hydrogen tends to diffuse into the 
surface of the weld bead to escape into the atmosphere as a gas but could also 
diffuse into the HAZ of the base metal. There are several factors that determine 
the amount of diffusion of hydrogen; level of hydrogen absorbed, compositions of 
the weld and base metals, and the geometry of weld beam [14].  
 
Due to the microstructure of the high carbon steel, it is high in hardness and quite 
brittle, this make the steel more susceptible to this type of cracking [14]. 
 
Interest into diffusible hydrogen in steels is important when considering HACC. 
Avoidance of hydrogen absorption during arc welding is literally impossible. How-
ever amount of hydrogen absorbed can be controlled by looking at these process-
related factors; 

• Welding current 
• Shielding gas 
• Presence of hydrogen in form of moisture and other hydrogenous com-

pounds 
• Type of process and consumable used 
• Atmospheric conditions 
• Contact-to-tip-distance 

 
Hydrogen absorption in the molten weld usually just diffuse to atmosphere as a 
hydrogen gas, however depending on how much hydrogen is absorbed and cooling 
rate the hydrogen can sometimes be trapped in the microstructure and lead to 
HACC under conditions of high stresses. ISO standards [15] and literature reviews 
state that to have all of hydrogen removed from the steel post-heating to temper-
atures of 650oC is required. However temperatures of above 305oC will release suf-
ficient amount of hydrogen from the HAZ and the weld [14]. 
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2.5 Microstructure 
 

 
Phase diagram, in Figure 3 below, is used to demonstrate the transformation be-
tween the different phases. The phase diagram also helps identify type of micro-
structure is in the weld metal 
 
Different phases have their own mechanical properties, from soft and ductile fer-
rite structure to hard and brittle martensite structure. Martensite structure hap-
pens at highest cooling rates and having a martensitic structure in the welds or HAZ 
is not good because of being sensitive to cracking under low stress levels. With very 
slow cooling an equilibrium state arises where ferrite and pearlites microstructures 
are formed, however the hardness properties are much lower. To achieve pre-
ferred hardness levels and good ductility as well as good strength intermediate 
cooling can be introduced to achieve complex microstructures with mixture of both 
phases[16].  
 
 
 
 
 
 

  
Figure 3. Carbon Steel Phase Diagram 
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3 Method and Material 
3.1 Welding Lab 

3.1.1 Welding Preparation 
Cylindrical shape 42CrMo4 steel material (25mm diameter, 180mm length) is sec-
tioned into half. 11 different welding experiments were carried out. Shielding gas 
parameters were kept constant at 18%carbon dioxide, 82%argon. 

3.1.2 Welding 
Firstly welding using either MAG or CMT+P Welding with two different wire con-
sumables conducted with three variants; at low, medium and high heat inputs. 
However of TIG welding no filler material was used. Table 1 describes the welding 
experiment structure. Welding was done with automated robot with set robot 
speed directly on the plate that is secured clamped in position.  

3.1.3 Temperature distribution 
Thermocouples were used to determine the thermal cycle during welding. 

 
Table 1. Welding parameters and settings. “MCW” means Metal Cored Wire, “Solid” 

means solid wire. “H184” is an experimental wire and “AR89”, which stands for Aristorod 
89 is a commercial wire 

 

  

Weld 
No. 

Filler  
material 

Process Current 
(A) 

Voltage 
(V) 

Heat input 
(KJ/mm) 

v Wire 
m/min 

v Robot 
mm/sec 

Welding 
Time 

1 MCW 
H184 

MAG 239 26.6 0.45 7.6 14 11.6 

2 - - 287 29.3 0.84 10 10 16 
3 - - 356 32.1 1.43 14 8 19.9 
4 Solid 

AR89 
MAG 260 21.2 0.39 7.6 14  

5 - - 341 29.2 1.00 10 10  
6 - - 420 32.3 1.70 12 8  
7 MCW 

H184 
CMT+P  130 17.1 0.16 7.6 14 12.5 

8 - - 223 24.2 0.67 10 8 21.5 
9 Solid 

AR89 
CMT+P  161 15.5 0.25 5 10 21.2 

10.20 - - 246 19.5 0.60 9 8 26.1 
11 - TIG 200 11.2 1.12   2   
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Table 2. Chemical composition for materials used 

 

3.2 Materials Lab 

3.2.1 Specimen preparation 
Once all the welding experiments were finished, three small cross sections were 
made of each rod for metallography preparation. Each of typically 10x15x25mm 
size. Figure 4 shows a schematic of this welded material and the 3 small sections 
that were made. Welding conditions and used materials are given in Tables 1–2.  
 
The reason for preparing three samples for each weld is to minimise calculation 
errors and to achieve an average for results gained such as hardness testing and 
cooling temperatures.  

 
 

 

 

 

 

Material Element (wt. %)    
C Ni Mo Cr P S Cu Al Nb Mn Si Ti 

42CrMo4 .41 .19 .17 .998 .011 .025 .380 .029 .019 0.70 .34 - 
Solid AR89 .08 2.24 .55 .390 .004 .004 .034 .006 .005 1.60 .70 .021 
MCW H184 .10 2.62 .71 .550 .010 .008 .028 .010 .004 1.26 .54 .012 

 
Figure 4. Schematic of experiment and sectioning 
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3.2.2 Metallography 

3.2.2.1 Mounting 
In order to study the microstructure and perform testing, each of the 42CrMo4 
steel sections are hot mounted at pressure of 280 Bars at 180oC for 8min fol-
lowed by 4min water cooling. Thermoplastic resins were used for this mounting 
process. 

3.2.2.2 Grinding & Polishing 
Once the specimens were mounted they grinding was done to achieve a smooth 
surface. 6 specimens at a time are grinded by grinding discs in a grinding machine. 
Grinding was followed by a specified manual for high strength steel specimens. 
First grind disc used was 75μm disc, followed by 45μm and then 9μm, all lubri-
cated with water inlet. Next stage was polishing with 3μm disc lubricated with 
special spray solution. Final stage of polishing was done with 0.05µm disc and lu-
bricated with alumina oxide solution. Furthermore the prepared specimens were 
cleaned by alcohol and dried using blow dryer.  

3.2.2.3 Etching 
Etching is done with 1% Nital solution to be able to view microstructure and the 
HAZ zone much more clearly. Figure 5 shows one of the etched sample.  
 
 
 
 

 

 

 
Figure 5. Etched sample 
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3.2.3 Microstructure determination 

3.2.3.1 Optical microscope 
An optical microscope with magnifications from x12.5 to x1000 was used during 
the research to study the microstructure and to find any possible cracking formed 
during welding. We can also determine the type of cracking we get by higher mag-
nifications, such as x1000, through the shape and location of the formed cracks. 
Solidification cracking has a curved structure and is usually found around the centre 
of the weld. Whereas hydrogen assisted cold cracking is found around heat affected 
zone (HAZ), and have sharp edges. Furthermore a rough idea of the heat input can 
be determined from looking at the HAZ zone by its magnitude, with lower heat 
input we get narrower HAZ.  

3.2.3.2 DSLR Camera 
An overview of each sample is made with a professional DSLR camera which has a 
zoom of x3. In this view we were able to study the appearance and bead quality 
from which we can get a rough understanding of the weld quality. Similarly we were 
able to determine the weld mixture between weld material and the base metal 
which is very useful to know as we can estimate the chemical composition of the 
weld metal from this information.  

3.2.3.3 Hardness measurement 
Buehler VMT-7 Vickers hardness machine was utilized to measure the hardness of 
the welds. 13 hardness measurements were taken of the MAG (3, 6), CMT+P (9) 
and TIG (11) welding samples to achieve detailed hardness measurement results. 3 
hardness measurements in the weld zone, 6 in the HAZ and 4 in the base metal 
area, shown in Figure 6. For all the other samples only 3 hardness measurements 
were recorded, one in weld zone, one HAZ and the other in the base material zone. 
The hardness is measured 2mm below the top surface. 

 
 

 

 
Figure 6. Hardness Measurements 
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4 Results 
An overall view of weld specimens from MAG welding processes are illustrated be-
low in Figure 7. Welds with higher heat inputs have shown deeper penetration and 
a larger widths of weld beads than in lower heat inputs. Table 3 shows heat input 
and filler material used for each image.  

 

 
Figure 7. Overall view of MAG process weld specimens 

Table 3. Figure 7 image numbers description 
Image number Heat Input (KJ/mm) Filler Material 

1 0.45 MCW H184 
2 0.84 MCW H184 
3 1.43 MCW H184 
4 0.39 Solid Aristorod 89 
5 1.00 Solid Aristorod 89 
6 1.70 Solid Aristorod 89 
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An overall view of weld specimens from CMT+P and TIG welding processes is illus-
trated above in Figure 8. Welds with higher heat inputs have shown deeper pene-
tration with larger widths of weld beads than in lower heat inputs. Table 4 shows 
heat input and filler material used for each image.  
 

Table 4. Figure 8 image number description 

Image number Heat Input (KJ/mm) Filler Material 
7 – CMT+P 0.16 MCW H184 
8 – CMT+P 0.67 MCW H184 
9 – CMT+P  0.25  Solid Aristorod 89 

10 – CMT+P 0.60 Solid Aristorod 89 
11 -TIG 1.12 - 

 

4.1 Microstructure 

Microscopic analysis on each specimen was done to determine the microstructure 
phases for each weld zone. Martensitic structure was found through the micro-
scope for the base material, shown in Figure 9.  

 

 
Figure 8. Overall view of CMT+P and TIG process weld specimens 
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Microstructure for TIG welding in the HAZ and weld zone is shown in Figure 10. 
From this figure we can see martensitic structure in the HAZ and in the weld zone. 
 

 

 

 

CMT+P welding with low heat inputs with use of metal cored wire and solid wire 
have shown very similar microstructure both in the HAZ and weld zone. The micro-
structure looks to be martensitic in the HAZ and weld zone Figure 11 and Figure 12.  
 

 
Figure 9. Microstructure of the steel 42Cr20Mn at x500 magnification 

 
     HAZ    Weld Zone 

Figure 10. Microstructure of the TIG welding 
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                 HAZ             Weld Zone 

Figure 11. Microstructure of the CMT+P welding with MCW H184 wire,                             
experiment number 7  

 
                 HAZ             Weld Zone 

Figure 12. Microstructure of the CMT+P welding with solid A89 wire,                                 
experiment number 9  
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Cooling curves for some of the processes are shown in Figure 13. However for some 
of the processes with low heat inputs, i.e. CMT+P (7) welding with 0.16KJ/mm heat 
input, we were unable to record cooling rate. This was due to rapid cooling and 
difficulty of being able to insert the thermocouples into the weld pool. Legend on 
right side of the graph shows weld number for the curves, details of heat input and 
filler material can be found from Table 1. We can see from Table 5 that with in-
creased heat inputs cooling rate also increased, very fast cooling for weld number 
9 and slower cooling for weld number 3 where high heat input was used. 

 

Table 5. Cooling time from 800-500oC  

Weld Number & Details Cooling time from 800-500oC 

2 – MAG, Med HI 3.36 s 

3 – MAG, High HI 5.26 s 

8 – CMT+P, High HI 3.22 s 

9 – CMT+P, Low HI 1.30 s 

10 – TIG, High HI 3.01 s 

 

 
Figure 13. Cooling curves from 800oC to 500oC  
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Figure 14 shows cooling rate curves on the CCT diagram for 42CrMo4 steel mate-
rial. Numbering on the left side of the graph is related to the weld number, more 
details, such as heat input and filler material used, can be found from Table 1. From 
cooling curves we can see that none of the processes enter the bainite or ferrite 
phases in the HAZ. Therefore the microstructure to expect in the HAZ is martensitic.   
 

4.2 Dilution in the Weld Zone  
Method of calculating dilution between welding consumable and the base metal is 
illustrated in the Figure 15. We have used ImageJ software program to calculate 
the area in the image for “part A” and “part B” from a photographic image. Before 
measuring these parameters we calibrate, within the ImageJ software program, the 
distance of the image to known distance “d” as demonstrated below. 

Dilution (%) = B/A+B. 
 

  
Figure 14. Cooling Cycles on the CCT Diagram 
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Table 6. Weld dilution  

Weld no. Size of Bead (mm) A (mm2) B (mm2) Dilution (%) 
1 8.4 7.3 8.9 49.4 
2 11.3 16.7 17.5 51.2 
3 15.2 30.3 33.1 52.2 
4 8 10.7 10.2 48.8 
5 13.5 21.3 33.0 60.8 
6 15.8 30.8 43.5 59.6 
7 4.5 6.5 2.3 26.1 
8 10.1 20.2 13.8 40.6 
9 6.7 9.2 4.7 33.8 

10 10.3 19.9 13.1 39.7 
11 11.7 0 16.5 100 

 

 

Table 7. Calculated chemical composition in fusion zone for each weld 

 
Figure 15. Schematic of calculating weld dilution 

Weld 
No. 

Element (wt. %)    
C Ni Mo Cr P S Cu Al Nb Mn Si Ti 

1 .253 1.420 .443 .771 .010 .016 .202 .019 .011 .983 .441 .012 
2 .259 1.376 .434 .779 .011 .017 .208 .020 .012 .973 .438 .012 
3 .262 1.352 .428 .784 .011 .017 .212 .020 .012 .968 .436 .012 
4 .241 1.240 .365 .687 .007 .014 .203 .017 .012 1.161 .524 .021 
5 .281 0.994 .319 .760 .008 .017 .244 .020 .014 1.053 .481 .021 
6 .277 1.018 .324 .752 .008 .017 .240 .020 .013 1.064 .485 .021 
7 .181 1.986 .569 .667 .010 .012 .120 .015 .008 1.114 .488 .012 
8 .226 1.633 .491 .732 .010 .015 .171 .020 .010 1.033 .459 .012 
9 .192 1.547 .422 .596 .006 .011 .151 .014 .010 1.296 .578 .021 
10 .211 1.426 .399 .631 .007 .012 .171 .015 .011 1.243 .557 .021 
11 .410 0.190 .170 .998 .011 .025 .380 .029 .019 .700 .340 - 
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Table 7 shows the composition in the weld zone for the weld numbers. These com-
positions were calculated using weld dilution percentages, weld composition and 
filler material compositions.  

 

 
For TIG welding no wire consumable was used and therefore the carbon content at 
the weld zone was the same as in the base metal. This is why we get about the 
same hardness in the HAZ as in the weld zone in the TIG welding. 
 

4.3 Vickers hardness profile of 42CrMo4 steel weld  

Hardness measures of CMT+P welding with low heat inputs have higher hardness 
measures in the HAZ than the MAG welding with high heat inputs, shown in Figure 
17. TIG welding have about the same hardness in the HAZ as in the weld zone. On 
the other hand for welds where filler materials was used, lower hardness values 
were obtained in the weld zone than in the HAZ.  

 

 
Figure 16. Carbon content in fusion zone of weld specimens 
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Overall view of the hardness for HAZ, weld zone and base metal for all the welding 
experiments is shown in Figure 18. Low hardness values were found in base metal 
zone of about 280HV. Peak hardness in the HAZ of 637.9HV were recorded from 
welding experiment number 9 where low heat input of 0.25 KJ/mm was used. On 
the other hand lowest hardness in the HAZ of 549.4HV was recorded from welding 
experiment number 6 where high heat input of 1.7KJ/mm was used. Lowest hard-
ness in the weld zone was 437.5HV from weld experiment 7. Details of weld 
method, HI, Filler material and more can be found from Table 1. 

 

 
Figure 17. Hardness Testing detailed. Base metal at the extreme right and left 

side, Weld zone in the 4.5-8.5mm, and HAZ’s are marked as bold points.  
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4.4 Solidification cracking 
Solidification cracking occurred in MAG welding with both solid and flux cored 
wires. Hot cracking was also found in CMT+P weld number 8 and 10 where high 
heat inputs are used. No cracking was found in MAG welding experiment number 
4. Sample from MAG welds have shown cracks at the center of the weld; MAG weld 
number 2 and MAG weld number 6, shown in Figure 19.  

 
Figure 18. Hardness Tests for BM, HAZ and Weld zone for all processes 
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Figure 19. Solidification Cracking A) MAG weld no.2 and B) MAG weld no.6 

4.5 Hydrogen Assisted Cold Cracking 
From the Figure 20 we can see cracking in the heat affected zone found in CMT+P 
weld number 9 and MAG weld number 1.  

 
Figure 20. Hydrogen cracking in A) MAG weld no.1, B) CMT+P weld no.9  
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5 Discussion 
5.1 Microstructure 
Heat input is a very important parameter in welding. One of the factors of heat 
input is that it controls cooling rate in the weld. An increase in heat input results in 
slower cooling rates, which has a great impact on the weld microstructure. With 
slower cooling rates, ferrite microstructure can form in the grain boundaries. How-
ever through a range of heat input investigations the post-weld microstructure has 
not changed much in the HAZ. This is due to very rapid cooling and as we can see 
from the CCT diagram in Figure 14, the 42CrMo4 steel microstructure stays in the 
martensitic phase even after reaching the austenitizing temperature. This is based 
on the HAZ because the weld zone composition is different than in the base metal 
due to dilution with filler material in weld pool. However this is not the case for TIG 
welding.  
 
The weld zone consists of a mixture of wire consumable and base metal composi-
tions and therefore the microstructure phase is not very easy to predict but 
through the optical microscope we can see that the microstructure in the weld zone 
is martensitic. We get this type of microstructure because of the rapid cooling and 
high carbon content in the weld. 
 
Base material of was found to have martensitic microstructure however the hard-
ness values in the base metal were very low this means that the base material was 
tempered.  

 

5.1.1 Bead Appearance  
 
The photographic analysis of the welds after being well etched shows clear grain 
structure in the weld zone. From this we can see how with increased heat input the 
fusion zone gets larger in size, similarly the HAZ is narrower with lower heat inputs. 
Width of bead also increases with increase in heat input. TIG welding specimen 
image 11 in Figure 8, looks different compared to the other welding specimen be-
cause no filler material is used in this process therefore we don’t get any additional 
material to form over the surface.  
 
Specimens weld by CMT+P process have shown more symmetric look on the bead 
appearance than in the MAG welds. We can see this by the HAZ shape which looks 
very different in all of the MAG processes but in CMT+P weld structure does not 
vary so much in structure. Having an unpredictable bead appearance will result in 
less predictable stress values in the weld zone and therefore more risk of solidifi-
cation cracking.  
 

22 
 



Degree Project for Master of Science with specialization in manufacturing 
Comparison of a new high precision, energy efficient welding method with the conventional Gas Metal 

Arc Welding on high carbon steel base metal 

Furthermore we can estimate the dilution of filler material with base metal from 
the appearance of the bead, the deeper the penetration of the filler material into 
the base material, the larger the percentage of dilution.  
 
For some of the welds, the grains are formed at a 45o angle from the center, i.e. 3, 
5, and 6. This type of grain structure justifies the solidification cracking that oc-
curred in these welds. From bead appearance in weld number 4 we can see a 
smooth transformation in the fusion zone from weld to base metal. This means that 
there is less chance of solidification cracking compared to the sharp edge angles in 
weld number 3, 6, 8, 10 and 7 where the weld will experience higher magnitudes 
of stresses in the weld zone.  
 
Beads from CMT+P welds look more symmetrical than the beads from MAG weld-
ing processes. Also no spatter is visible (see Figure 21) in any of the CMT+P welds 
even with low HI or use of flux wire, whereas spatter is clearly visible during MAG 
welding with metal cored wire at low and medium heat inputs. 
 

5.1.2 Vickers Hardness Testing 
CMT+P welding has shown as predicted smaller HAZ than other welding methods, 
due to the low heat input. HAZ has very high hardness in all of the welding pro-
cesses and in the weld metal zone hardness values are lower. This is due to the 
composition in the weld zone, base metal has higher carbon content then any of 
the consumable wires used, therefore hardness is be expected to be higher in HAZ 
of the welds.  
 

Heat affected zone hardness of some of the MAG welds are higher than the TIG 
welding. This could be because of the elevated heat inputs for some of the MAG 

 
1(Low HI)   2(Med HI) 

Figure 21. Spatter in MAG welding 
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processes. We can see that MAG3 and MAG6 processes both have higher heat in-
puts and therefore the hardness is higher than in TIG welding. In TIG welding (11) 
shown in Figure 18, we have higher hardness value in the weld zone compared to 
the HAZ, this is because no filler material is used during TIG welding.  
 
Hardness was higher with lower heat inputs, this is because of the cooling rates, 
the higher the heat inputs, the slower cooling rate and therefore lower hardness. 
Hardness in the weld zone varies in all of the welding experiments from 437.5HV 
to 518HV. This is because of the dilution in the fusion zone.  
 

5.1.3 Dilution in the Weld Zone  
Weld composition in the fusion zone will determine the carbon content and com-
position of the weld pool and therefore the hardness. From weld dilution results 
we are able to calculate the chemical composition of the weld zone by using three 
parameters; weld mix percentage, base material and wire material compositions. 
From table of weld zone composition we have come up with graph, Figure 16, to 
show carbon content and we can compare this with the hardness in weld zone. 
Comparing these we can see direct correlation of carbon content and hardness in 
the weld zone shown in Figure 22; as carbon content is increase so does the hard-
ness. 

 
We can also see that as heat input is increase we achieve more dilution of the weld 
metal with the wire consumable. Consequently the hardness increases in the weld 
zone as there is more carbon content in the base metal then in the wire consuma-
ble.  
 

 
Figure 22. Vickers Hardness vs Dilution in weld zone  
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5.2 Solidification cracking 
Solidification cracking occurred in all MAG welding except the welding experiment 
number 4 where lowest heat input of 0.39 KJ/mm with solid wire AR89 was used. 
Cracking is increased in size and number as heat input is increased in MAG welding. 
Heat input is a major factor for bead appearance as well as susceptibility to solidi-
fication cracking.  
 
From the hot cracking results we can see that with heat inputs of larger than 
0.39KJ/mm all the specimens experienced solicitation cracking at the center of the 
weld. It was found that with higher heat inputs the cracking is more intense, more-
over due to lower heat inputs used for CMT+P process, hot cracking was not as 
intense as in the MAG welding processes. Difference in wire consumable did not 
show any major difference in susceptibility to hot cracking. Hot cracking was pre-
dicted with high heat inputs because of the high carbon content in the materials.  
 
After analyzing the results we can say that to control hot cracking, in particular so-
lidification cracking, we could: 

• Use CMT+P welding with low heat inputs 
• Have the base metal preheated to temperatures of 200-300oC 
• Have post heating to control cooling rates 

 

5.3 Hydrogen Assisted Cold Cracking 
Hydrogen cracking was found in some specimens, we can identify that these are 
hydrogen cracks because of the crack appearance having zigzag shape with sharp 
edges in the HAZ. Cracking is most likely developed due to hydrogen content in the 
weld, rapid cooling rate (cooling time from 800 to 500oC is about 1.3 seconds in 
CMT+P welding number 9). Therefore there was not enough time for hydrogen to 
diffuse and crack was able to develop.  
 
To avoid this type of cracking development in the weld, post heat treatment is rec-
ommended when using low heat inputs to control cooling rates. Moreover to re-
duce risk of HACC we should control the condition during welding such as moisture 
level in atmosphere.    
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6 Conclusions 
The microstructure of the steel 42CrMo4 is martensitic in the base metal and in the 
HAZ due to high carbon content and fast cooling rates. Heat input is found to be 
one of the major factors in both MAG and CMT+P welding. The heat input deter-
mines and effects: 

• The microstructure - the weld zone consists of mostly martensitic phase but 
due to low heat inputs for some of the specimens, some pearlite micro-
structure is found.  

• Cooling rate – cooling rate is decreased with decrease in heat input and 
therefore the weld is more susceptible to hydrogen-assisted cold cracking.   

• Dilution – dilution is lower with decrease in heat input, this means that the 
carbon content will be lower in the weld zone because wire consumable has 
less carbon content than the base metal.  

• Hardness - hardness increases with increase in heat input in the HAZ, how-
ever the ductility is decreased as a result. Peak hardness of 637.9HV is found 
in the HAZ for high heat inputs. 

• Susceptibility to solidification cracking – susceptibility to solidification 
cracking is higher with higher heat input due to the stresses in the fusion 
zone during cooling.  

 
CMT+P welds have produced better quality bead structure with no spatter com-
pared to MAG welding. Furthermore due to lower heat inputs the CMT+P is not 
only more economical process but have shown to be less susceptible to hot crack-
ing.  
 
It may be useful to repeat the welding experiments with post-heating function 
added to the CMT+P process to be able to control the cooling rate of the welded 
plates. This will result in different and more ductile weld microstructure as well as 
eliminating the hydrogen cracking as hydrogen will fully dissipate out of the weld 
at slower cooling rates.  
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Appendix A 

Fig. 10 – Voltage, Cur-
rent and Feed rate Stabil-
ity for CMT+P with 
H184 wire (Low Q) 
 

Fig. 11 – Voltage, Current 
and Feed rate Stability for 
CMT+P with H184 wire 
(high Q) 
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Fig. 12 – Voltage, Current 
and Feed rate Stability for 
MAG with H184 wire 
(high Q) 
 

Fig. 14 – Voltage, Current 
and Feed rate Stability for 
MAG with H184 wire 
(Low Q) 
 

Fig. 13 – Voltage, Current 
and Feed rate Stability for 
MAG with H184 wire 
(Med Q) 
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Fig. 17 – Voltage, Current 
and Feed rate Stability for 
MAG with solid wire 
(low Q) 
 

Fig. 15 – Voltage, Current 
and Feed rate Stability for 
MAG with Solid wire 
(high Q) 
 

Fig. 16 – Voltage, Current 
and Feed rate Stability for 
MAG with Solid wire 
(med Q) 
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Fig. 19 – Voltage, Current 
and Feed rate Stability for 
CMT+P with solid wire 
(high Q) 
 

Fig. 18 – Voltage, Current 
and Feed rate Stability for 
CMT+P with solid wire 
(high Q) 
 

Fig. 20 – Voltage, Current 
and Feed rate Stability for 
CMT+P with solid wire 
(low Q) 
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Appendix B: Press Release 

Comparison of a new, high precision and energy efficient welding method with the con-
ventional Gas Metal Arc Welding on high carbon steel base metal 
 
Aim and purpose of the research  
The aim of the research is to investigate and compare the new welding technology, 
CMT+P welding, with conventional GMAW welding processes on high carbon steel 
metal. High carbon steel are known to produce hot cracking as well as cold cracking during 
conventional welding methods. Main focus of area is to: 

• examine any type of cracking that may be found 
• determine and compare hardness profiles  
• compare the difference in microstructure from low to high heat input processes 

 
Results 
CMT+P welding is less susceptible to hot cracking due to lower heat inputs properties. 
Moreover better weld quality is obtained from the new process such as reduction in 
splatter and narrower heat affected zone which is better because we get a more favour-
able residual stress profile in the HAZ. Hardness in the HAZ for CMT+P welding is higher 
than in the conventional processes because cooling rate is reduced. Dilution in the weld 
pool is calculated to be lower in the CMT+P welding, which is good in our case as the 
carbon content in the filler material is lower than in the base metal steel, and therefore 
we get more desirable microstructure in the fusion zone. Cold cracking is found both in 
CMT+P and the conventional welding methods due to rapid cooling. To improve on the 
results for this research, a repeat in CMT+P welding could be made with addition of post 
heating to dissipate hydrogen from the weld and therefore eliminate cold cracking oc-
currence.   
In conclusion CMT+P welding is more efficient and in general provides better weld 
properties than the conventional welding methods used in this research.  
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