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Abstract

There is no economic technology available to measure the fillet weld geometry on a regular basis. External aspects of a fillet weld can be easily measured using specifically designed gauges, but the internal characteristic of penetration cannot. To guarantee the structural integrity of a fillet weld it is important that there is enough penetration to ensure that the axis between the bar and the plate is effectively ‘cut’, see figure 1.
A random study of the parameters set by welders showed wide ranging differences, some of which led to lack of penetration in the fillet weld.
As a result of this finding, a programme of work has been put in place which relies on an Artificial Neural Network (ANN) approach as a method to develop the optimum set of fillet welding parameters.
Initial work on this showed that when welding vertically up, there were very few issues in developing a set of parameters. However, there was significant variation in the data when welding in the downhand position. It was concluded from this that the number of potential variables being measured and controlled involved would have to be increased.in order to produce a reliable ANN.
This paper shows how the approach was developed to tackle the issue on welding in the downhand position. The use of a mechanised welding tractor was built into the project, and variations in torch angle, push-pull angle and stand-off were among the variables incorporated.
Other potential variables such as the gap between the plate and the bar, the bar geometry and the gas type and gas flow rate have currently been kept constant.
The progress to date will be presented.

Introduction
Presently there is no economic technology available to measure actual fillet weld geometry without the destructive testing of the work piece. The external geometry of a fillet weld can be measured easily using specifically designed gauges, but the internal characteristic of penetration cannot. Penetration is critical in determining the structural integrity of a fillet weld to ensure that the axis between the bar and the plate is effectively ‘cut’, see figure 1 below.
[image: ]
Figure 1 – Image showing the ‘cut’ axis between plate and bar
So in order to guarantee satisfactory penetration and weld geometry it is imperative that a high level of control of the welding parameters can be demonstrated. Over the years there have been numerous studies (1-3) proving that the ability to predict weld geometry is related to the level of control of the parameters. Table 1 shows the results of a short study of a number of welders showing the parameters they used to complete a series of downhand fillet welds. The variation seen in this study highlights that even within a group of experienced welders there is a high level of variation of the input parameter settings for a relatively simple fillet weld arrangement. The current and voltage were measured and controlled using a Lincoln Electric V350 power supply and LN-15 wire feed unit. The travel speed was controlled using a battery powered Oerliken Weldy Car.

	Welder
	Current (A)
	Volts (V)
	Travel Speed (mm/min)
	Heat Input (kJ/mm)

	1
	204
	20.8
	400
	0.636

	5
	224
	22.1
	400
	0.743

	6
	238
	19.8
	400
	0.707

	7
	236
	22
	400
	0.779

	8
	212
	21.5
	400
	0.684

	10
	234
	22.9
	400
	0.804

	12
	240
	24.8
	400
	0.893

	15
	229
	24.4
	400
	0.838

	18
	224
	22.8
	400
	0.766

	19
	215
	24.6
	400
	0.793

	Average
	225.6
	22.57
	400
	0.764

	 
	 
	 
	 
	 

	Min
	204
	19.8
	400
	0.636

	Max
	240
	24.8
	400
	0.893

	Variation (%)
	15.0%
	20.2%
	0.0%
	28.7%



Table 1: Variation in parameter settings for manual welding


In 2011 a study was carried out by Beckett et al (4) to gain a better understanding of the relationship between fillet welding parameters and penetration. The output of this study was a workable ANN model, able to predict the penetration for a given set of vertical fillet welding parameters. However it was not possible to develop a reliable downhand automated welding model from the data generated. The reason why this dataset was not able to generate a reliable ANN model was put down to the fact that not all of the key variables had been identified and controlled tightly enough during the experiment.  The paper (4) concluded that further research into the effect of oscillation, gun angle, travel angle, gap and accuracy of angle between the two plates would be required in order to better understand the critical aspects of the fillet welding process. As a consequence, this paper will analyse the automated downhand welding process in much more detail than had been done in the original study (4).
From an industrial perspective downhand fillet welding represents a significant proportion of the overall welded length on a naval vessel and so represents an area where focused process improvement may provide substantial cost savings. In the case of destroyers, frigates and corvettes, there is also an on-going drive to reduce plate thickness, which exacerbates the potential for thin plate buckling/distortion. Over penetration of fillet welds is a result of mainly having too high a heat input which is a significant factor in increasing distortion, as detailed by M.P. Lightfoot et al (5). Consequently there is a balance to be found by minimising the fillet weld geometry (leg length and penetration) whilst maintaining satisfactory structural requirements. To produce this level of control the automated processes, such as fully automated gas metal arc welding (GMAW), provide the best option for consistency of welding. 
The work, detailed in this paper, has been stimulated from a number of directions and is the first step in a programme of work which is focused on gaining a better understanding of how fillet welding input parameters (detailed in Table 2) and their interactions impact the resultant weld geometry. The analysis detailed within this paper pays particular attention to the impact that the ‘travel angle’ has on the penetration of a downhand fillet weld. 



Experimental welding
[image: ]This work followed on from an initial study (4) and focussed on using 6mm thick DH36 steel with a 17µm coating of paint primer. The test material consisted of 50 x150 x 6mm bars tacked together to form a T joint. This allowed a number of variations to be made along the length of each bar. The welding process used was gas metal arc welding (GMAW) performed using a 1mm diameter metal cored welding wire which was carried on a Weldycar, at a pre-set speed. The welding torch was straight necked. Figures 2(a)-(c) show the set up as it was initially used.






Figure 2a
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Figure 2c

A series of initial experiments was developed which controlled the following parameters/measurements.
	Parameter
	Units
	Method of Measurement

	Current
	Amps (A)
	Controlled and measured using Lincoln Electric V350 Pro Power Supply and LN-15 wire feed unit.

	Voltage
	Volts (V)
	Controlled and measured using Lincoln Electric V350 Pro Power Supply and LN-15 wire feed unit.

	Travel Speed
	mm/min
	Travel Speed set using Oerliken Weldy Car

	Heat Input
	kJ/mm
	Calculated using the current, voltage and travel speed readings

	Travel Angle*
	Degrees (°)
	Manually set and measured at the beginning and end of each experiment

	Gun Angle*
	Degrees (°)
	Manually set and measured at the beginning and end of each experiment

	Gas flow rate
	l/min
	Manually checked at the beginning and end of each experiment. Flow rate set using valve within LN-15 wire feed unit.

	Stand-off*
	mm
	Manually measured at the beginning and end of each experiment.

	Stick Out*
	mm
	Manually set using a steel rule at the beginning of each experiment


Table 2: Table showing welding parameters that are being measured and controlled (* Figures-3-5 give a visual representation of the travel angle, gun angle, stand off and stick out measurements)



[image: ]
Figure 3: Schematic showing ‘stick out’ measurement
[image: ]Direction of travel

Figure 4: Image showing ‘travel angle’ measurement
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Figure 5: Image showing ‘gun angle’ and ‘stand-off’ measurement



This data was then augmented by the measurements taken from the weld macrosamples:
Penetration			Average leg length	Difference in leg lengths
Weld geometry ratios			Throat			Reinforcement
Figure 2 defines some of these factors. 
[image: ]
Figure 6: Key geometrical features of a fillet weld

The weld geometry characteristics defined above were then reviewed against Lloyds’ Register rules and regulations for Naval Ships (6) to assess whether or not they could be categorised as acceptable or not. The target values against which the measured weld characteristics were assessed are detailed below.
	Geometrical Weld Feature
	Target Value

	Penetration2
	0.1mm≤x≥1.5mm

	Throat Thickness1
	Min 3mm

	Average Leg Length1
	Min 4.24mm (√2 x throat thickness)

	Difference in Leg Lengths2
	≤2mm

	Weld Geometry ratio3
	0.5 ≤ x ≥ 0.9


Table 3: Geometrical fillet weld features and respective target values


1. Values obtained from Lloyds’ Register Rules (6)
2. Derived from local shipyard guidelines
3. Developed as an initial attempt to establish a preliminary relationship, the concept of overall weld geometry was developed and defined as being
		Weld geometry = (reinforcement + throat) / average leg length
This identified welds that had unacceptable profiles but acceptable penetration and leg lengths. This proved to be inconclusive in assessing experimental results.
Results
An example of the outputs is shown in Figures 7 and 8 which are an acceptable fillet weld, visually and in cross section. In contrast, Figures 8 and 9 show an unacceptable fillet in all aspects. Analysis of the complete dataset (Figure 12b) showed that the most significant factor in defining the fillet geometry was the travel speed, as detailed within the ‘main effect’ analysis section of the paper. These results compare favourably with those reported by Campbell et al (7) when developing an ANN model to predict GMAW weld geometry.
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Figure 7: Macro image of acceptable fillet weld profile
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Figure 8: Photograph of corresponding acceptable fillet weld

.
	Test No
	Current (Amps)
	Voltage (Volts)
	Travel Speed
	Travel Angle(°)
	Gun Angle(°)
	Gas Flow (l/min)
	Stand off 
(mm)
	Stick Out (mm)
	Penetration,
(0.1mm-1.5mm)
	Avg Leg Length (Min 4.24mm)
	Leg Length Delta (0mm-2mm)

	DF8
	170
	24
	500
	-38
	33
	20
	2.0
	16
	0.5
	4.50
	1.99


Table 4: Input parameters and measured geometry of acceptable weld (DF8).



[image: ]
Figure 9: Macro image of unacceptable fillet weld profile
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Figure 10: Photograph of corresponding unacceptable fillet weld


	Test No
	Current (Amps)
	Voltage (Volts)
	Travel Speed (mm/min)
	Travel Angle(°)
	Gun Angle(°)
	Gas Flow (l/min)
	Stand off (mm)
	Stick Out (mm)
	Penetration,( 0.1mm-1.5mm)
	Avg Leg Length (Min 4.24mm)
	Leg Length Delta (0mm-2mm)

	DF19
	270
	21
	250
	-38
	33
	20
	2.0
	16
	2.30
	8.33
	2.34


Table 5: Input parameters and measured geometry of an unacceptable weld (DF19).

Table 6 shows a comparison between the average input current, voltage and travel speeds from ‘acceptable’ welds against the initial results from the manual welder set up (Table 1). The results show a large variation in the resultant heat input. This demonstrates the potential huge benefit of automating the GMAW fillet welding process and optimising the input parameters. A repeat of the manual set up experiment will be beneficial when a stable downhand model can be created so that the variation can be measured against a wider range of ‘ideal’ parameters.


	 
	Current (A)
	Voltage (V)
	Travel Speed (mm/min)
	Heat Input (kJ.mm)

	Manual Welder Set Up
	225.60
	22.57
	400.00
	0.76

	Acceptable Test Welds
	186.67
	23.56
	485.56
	0.54

	Delta (+/-)
	-38.93
	0.99
	85.56
	-0.22


Table 6: Variation between initial manual welders set up parameters and acceptable experimental input parameters






Push vs. Pulling Effect
The effect of pushing and pulling the wire was investigated. The ‘push’ or ‘pull’ angle is defined as the angle of the welding torch in relation to the direction of travel. For a ‘pushing’ travel angle the torch nozzle will be leading the ‘weldy car/welding torch assembly, however for a ‘pulling’ travel angle the torch nozzle will be lagging the ‘weldy car/welding torch assembly as it travels along the plate. The set up in Figure 4 shows an example of a ‘pulling’ travel angle. A push angle of 33O and a pull angle of 25O were used during the experiments. The effect of altering the travel angle was compared against penetration but there was no compelling evidence/trend to show that the penetration was affected by the travel angles used here. This could have been as a result of the difficulties experienced in trying to obtain repeatable settings for the angles due to the design of the automated weldy car. The next stage involved assessing what effect the push/pull angle has on the difference in leg lengths. In this case the data showed that the action of pushing the torch reduced the variation between the resultant horizontal and vertical leg lengths compared to pulling the torch. This data is shown in Figure 11. This would be in line with current technology which advocates the use of ‘push’ when using metal cored wires as recommended by BOC (5).

Figure 11 – Graph showing the effect that changing the travel angle (from push to pull) has on the difference between the resultant horizontal and vertical leg lengths

Main Effects

A Design of experiment (DOE) main effect analysis was conducted to identify the impact that each of the parameters had on the penetration of the downhand fillet weld. The results of this analysis are shown below. Two analyses were conducted, one including the travel angle measurements and one without. Figure 12a shows the effects of the input parameters on the resultant penetration when the travel angle measurements were excluded from the results. The analysis excluding the travel angle measurements showed the input current to be the dominant parameter in determining the resultant penetration of a fillet weld. These results reflect the findings of Karadeniz et al (6) where current was identified as having the biggest effect on the resultant penetration. In these experiments the gun and travel angle were kept constant.

	Factor Name
	Factor Letter
	Low Setting
	High Setting

	
	
	
	

	
	
	
	

	Current
	A
	170
	220

	Voltage
	B
	21
	26.5

	Travel Speed
	C
	250
	500


Table 7a: Fillet Weld parameters used in DOE analysis


Figure 12a – Table and Graph showing input parameter effects on penetration (excluding travel angle)


Figure 12b shows the effects of the input parameters on the resultant penetration when the travel angle measurements were added to the analysis. These results showed the travel speed to be the dominant input parameter. These results also highlight that the travel angle of the welding torch is a significant parameter, however further investigation will be required to verify that these results are repeatable for a larger range of travel and torch angles.

	Factor Name
	Factor Letter
	Low Setting
	High Setting

	
	
	
	

	
	
	
	

	Current
	A
	170
	220

	Voltage
	B
	21
	26.5

	Travel Speed
	C
	250
	500

	Travel Angle
	D
	-38
	25


Table 7b: Fillet weld parameters used in DOE analysis


Figure 12b – Table and Graph showing input parameter effects on penetration (incl travel angle)


Figure 12c shows a breakdown of the results above (Fig 12b) with a view to understanding the impact of varying the travel angle of the welding torch. The graphs show that from a ‘pulling’ travel angle (38°) up to a shallow ‘pushing’ (6°) travel angle, current is the dominant factor in determining the penetration of the resultant weld. However as the travel angle increases the effect of the travel speed increases to a similar level as the current. As mentioned above further analysis will be required, over a larger range of torch angles to better understand why and when this change of effect occurs.                                                                                                                       



Main Effects - Travel Angle Drag 38 deg

Main Effects - Travel Angle Push 6 deg

Main Effects - Travel Angle Push 25 deg

Figure 12c - The graphs above show the results of the DOE analysis conducted for varying travel angles.







Review
At this stage of the work the viability of the test set up was reviewed. It was agreed that the setting of the two angles off the Weldycar was proving problematic and that the preferred option would be to define the required angles and then purpose define the holding requirements for the Weldycar. As a result it was decided to carry out all future welding on a purpose built test rig in the University of Strathclyde. This rig, figure 13, was used previously on a distortion study and the work table moves at a predefined speed carrying the test piece. This allows the welding head to be stationary and if any monitoring equipment associated to the weld is required then it is also stationary.
More importantly the free space above the work piece allows a variety of welding angles to be set, and on the basis of future experiments will allow the optimum angles to be defined which can then be engineered back onto the Weldycar.

[image: ]
Figure 13: Image of welding rig at Strathclyde University


Next Steps
A jig is currently being manufactured that can be integrated into Strathclyde University’s welding rig that will allow the results contained in this paper to be assessed within a larger range of experimental data. The jig will enable a greater number of variables to be monitored, controlled and assessed, such as travel angle, gun angle and stand-off. The ability to be able to control these parameters will allow the impact of the parameters and their interactions to be assessed in greater detail.
Further analysis will then be required to assess what impact industrial variations such as ‘accuracy of fit –up’, gap, quality of edge prep/finish, etc, have on the fillet welding process. 
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Leg Length Delta (Push vs Drag)
Pushing (55-72)	DF1	DF2	DF3	DF4	DF5	DF6	DF7	DF8	DF9	DF10	DF11	DF12	DF13	DF14	DF15	DF16	DF17	DF18	DF55	DF56	DF57	DF58	DF59	DF60	DF61	DF62	DF63	DF64	DF65	DF66	DF67	DF68	DF69	DF70	DF71	DF72	0.84	0.3	0.84	1.33	1.833	-0.67	-1.33	-0.17	1.17	1	1.17	2.17	0.33	0.5	1.1599999999999999	1.163	0.16700000000000001	-0.16300000000000001	Dragging (1-18)	DF1	DF2	DF3	DF4	DF5	DF6	DF7	DF8	DF9	DF10	DF11	DF12	DF13	DF14	DF15	DF16	DF17	DF18	DF55	DF56	DF57	DF58	DF59	DF60	DF61	DF62	DF63	DF64	DF65	DF66	DF67	DF68	DF69	DF70	DF71	DF72	2.34	1.66	1.8360000000000001	1.5	2.4940000000000002	2.6669999999999998	1.67	1.994	1.494	2.5	4	3.8332999999999999	2.9929999999999999	2.327	3.17	1.67	2.3369999999999989	2.5	Exp No

Leg Length Delta (mm)



Main effects 
Effect	A	B	C	1.1632499999999999	0.33674999999999999	0.21074999999999999	Main Effects 
Effect	A	B	C	D	0.50249999999999995	-0.16750000000000001	0.83250000000000002	-0.33250000000000002	Effect	A	B	C	AxB	AxC	BxC	AxBxC	1.97675	0.61924999999999997	0.10975	Factors (Current, Voltage. Travel Speed)
Effect
Effect	A	B	C	AxB	AxC	BxC	AxBxC	1.70675	0.60275000000000001	8.7749999999999995E-2	Factors (Current, Voltage, Travel Speed)
Effect
Effect	A	B	C	AxB	AxC	BxC	AxBxC	0.54249999999999998	-4.2500000000000003E-2	0.62250000000000005	Factors (Current, Voltage, Travel Speed)
Effect
image4.png




image5.png
Welding Wire

Workpiece

Stick Out





image6.png




image7.png




image8.png




image9.emf

image10.png
7= -

A

z




image11.emf

image12.png




image13.png




image1.png
Auxis of plate and bar





image2.png




image3.png




