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ABSTRACT. Laser-assisted gas metal arc 
welding of HY-80 steel was investigated. 
The effect of welding parameters was 
studied and optimum welding conditions 
were identified. Welding using Lincoln 
LA-100 wire on 25-mm-thick HY-80 
plate with a four-pass technique, a dou- 
ble 45-deg groove preparation, 9.5 mm 
deep with no root opening, a heat input 
of 1.6 kJ/mm and a 50% Ar-50% He gas 
shield produced a predominately 
martensitic weld metal microstructure. 
An acicular ferrite weld metal mi- 
crostructure could not be produced for 
any set of processing conditions investi- 
gated. This is believed to be a result of the 
high levels of dilution. The toughness of 
the laser-assisted gas metal arc welds was 
assessed with dynamic tear testing and 
explosion bulge testing. Toughness was 
found to be low but highly variable. Op- 
timum electrode chemistry would proba- 
bly allow the toughness to be improved. 

Introduction 

Laser-assisted gas metal arc welding 
(LAGMAW) is a hybrid process that com- 
bines energy from a laser with energy 
from a gas metal arc welding process. 
Based on previous experiments with mild 
steel (Refs. 1, 2), combining arc energy 
with a 5-kW laser, the process has the po- 
tential to achieve weld penetration 
equivalent to that of a 20- to 25-kW laser. 
With the hybrid process, the small heat- 
affected zone and low distortion typical 
of laser welding are largely retained. This 
is because, in addition to directly heating 
the weldment, the laser acts to focus the 
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arc by heating its path through it. This in- 
creases arc conductivity along the path of 
the laser beam, and, thus, more arc en- 
ergy flows along the higher conductivity 
path (Refs. 1-4). 

This study addresses the question of 
whether laser-assisted gas metal arc 
welding is a promising technique for the 
welding of HY-80 steel. The characteris- 
tics of materials and equipment used are 
reported first. Experiments to establish 
optimum welding conditions and under- 
stand variables that influence weldment 
characteristics are reported next. The ef- 
fect of welding conditions on the mi- 
crostructure of HY-80 steel weldments 
are then reported, along with the condi- 
tions selected to prepare plates from 
which dynamic tear and explosion bulge 
specimens were removed. This is fol- 
lowed with data on the toughness of 
these HY-80 weldments. Finally, com- 
ments are made on the performance of 
this welding method relative to others 
and on what needs to be done if this tech- 
nique is to become viable in engineering 
practice. 

Materials 

CSA grade 40.21 300W steel was 
used during the initial phases of the in- 
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vestigation aimed at quantifying the ef- 
fect of various process parameters on the 
weld pool's physical dimensions. Trials 
were subsequently performed on HY-80 
steel plate to develop a processing pro- 
cedure that produced acceptable weld 
and heat-affected zone microstructures. 
The compositions of these materials are 
shown in Table 1. All trials were per- 
formed on coupons measuring approxi- 
mately 50 mm x 102 mm x plate thick- 
ness, which were ground to remove mill 
scale from the weld region, and de- 
greased immediately prior to welding. 
Weldments were produced using 1.6- 
mm-diameter Lincoln LA-100 wire, the 
composition of which is also shown in 
Table 1. 

Equipment 

Trials were performed using a Com- 
bustion Engineering Industrial CE 5000 
carbon dioxide laser, with a rated con- 
tinuous wave output of 5.5 kW. The laser 
light was directed to the workpiece via a 
38-cm focal length, antireflection coated 
zinc selenide lens, or a 50.8-mm con- 
cave molybdenum alloy mirror. In either 
case, the beam was focused to a spot size 
of approximately 1-mm diameter. 

A Hobart Mega-Flux 450-RVS con- 
stant voltage/constant current power sup- 
ply with a rated output of 450 A, 38 V DC 
at 100% duty cycle was used for the gas 
metal arc welding. All LAGMAW trials 
were conducted using the power source 
in a DC-electrode-positive, constant- 
voltage configuration. The welding cur- 
rent was varied by changing the elec- 
trode wire feed rate. 

A CNC 5-axis workstation capable of 
providing linear movement of up to 169 
mm/s was used to achieve the desired 
range of welding speeds. A gas-shielding 
device designed to provide an inert gas 
blanket to the area surrounding the weld 
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Table 1 - -  Chemical Composition of the Steel Plates and the Lincoln LA-100 Electrode Wire 

Steel C Mn Si S P Ni Cr Mo 

HY80 0.13 0.29 0 .20 <0.006 0.006 2.42 1.49 0.41 
300W 0.18 1.23 0.18 0.008 0.019 - -  - -  - -  
Wire 0.06 1.55 0.37 0.015 0.012 1.80 0.05 0.33 

Cu V AI Ti 

0.08 <0.01 - -  <0.02 
- -  0.05 0.04 - -  
0.07 <0.02 0.02 0.01 

i 

l Optics Head 

Laser L i g h t - - - ~  / /  GMAW Contact Tube 

Coupon Movement: 
Forehand 

~--- Backhand 

Fig. 1 - -  Experimental set up. A - -  Laser focusing optics head; B - -  
gas shield; C - -  coupon;  D - -  G M A W  gun; E - -  rack boxes and arms. 

Fig. 2 - -  G M A W  gun and laser optics head posi t ioning parameters. 

Table 2 - -  Basic LAGMAW Operating Parameters 

Electrode angle, 8 50 deg 
Contact-tube-to-work 15.2 mm 
distance, C 
Laser head assembly to 152 mm 
coupon, Z 
Laser spot to electrode, X 0 mm 
Shielding gas composition helium 
Electrode wire diameter 1.6 mm 

Table 3 - -  Bead-on-Plate LAGMAW Weld 
Pool Dimensions for Helium-Argon Shielding 
Gases 

Gas Weld Weld Aspect 
Composition Dep th  Width Ratio 

(ram) (mm) 

100% He 9.8 11.4 0.85 
75% He- 9.5 11.8 0.80 
25% Ar 
50% He- 9.5 12.4 0.176 
50% Ar 
100% Ar 7.5 14.1 0.53 

pool was fabricated. This device was not 
used for all the trials as the gas shield pro- 
vided by the GMAW gun proved ade- 
quate for preventing atmospheric conta- 
mination. Manual positioning of the 
GMAW gun was achieved using com- 
mercially available rack arms and boxes. 
The experimental setup is shown in Fig. 1. 

In some cases, especially for prelimi- 

nary trials, small coupons about 25 cm 
long by 5 cm wide were used. To ensure 
the small coupon size did not have an in- 
fluence on microstructural development, 
a coupon holder, which simulated the 
heat flow in larger pieces and prevented 
distortion, was used. Details of the de- 
vice are given elsewhere (Ref. 5). 

D e t e r m i n a t i o n  of  L A G M A W  
O p e r a t i n g  Parameters  

A number of trials were done to opti- 
mize and understand the operating para- 
meters of the LAGMAW process. The pa- 
rameters considered included laser 
power and focus, arc current and voltage, 
gas shield and the system geometric fac- 
tors shown in Fig. 2. These geometric fac- 
tors included the torch angle, the con- 
tact-tube-to-work distance, the position 
of the wire tip with respect to the laser 
spot and the vertical distance of the laser 
optics head. In most cases, forehand 
welding and bead-on plate techniques 
were used. As a starting point the condi- 
tions listed in Table 2, which had been re- 
ported in an earlier study (Ref. 1), were 
used. 

Geometric Factors 

The effect of gun angle, contact-tube- 
to-work distance and current are well- 
known characteristics of the GMAW 
process. For the hybrid process, to ensure 

the arc and laser energies were directed 
to the same location on the workpiece, 
alignment of the laser spot and the elec- 
trode tip was also important. Inconsistent 
penetration was observed when the laser 
spot was positioned behind the GMAW 
weld pool, probably because the laser 
light hit the electrode rather than the melt 
pool produced by the welding arc. In- 
creasing the GMAW voltage was found 
to produce a negligible effect on pene- 
tration, but produced wider weld beads. 
Finally, trials revealed the optimum pen- 
etration could be achieved when the 
focal point of the laser light beam was po- 
sitioned slightly further below the top of 
the workpiece (approximately 0.7 mm) 
than was required to produce maximum 
penetration during laser welding alone. 
This shift in the point of focus has been 
observed previously and is attributable to 
a depression of the weld pool surface by 
the welding arc (Ref. 2). 

Laser Energy 

The introduction of laser energy into 
the GMAW process was shown to have a 
greater influence on the depth of pene- 
tration at lower arc welding currents - -  
Fig. 3. This effect may be the result of the 
laser light being partially absorbed or de- 
flected by the additional arc plasma gen- 
erated at higher current levels. The max- 
imum current was generally limited to 
approximately 450 A using a 1.6-mm- 
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diameter wire due to the generally poor 
bead profile obtained at higher current 
levels. The effect of laser power output 
was found to be greater at lower welding 
speeds - -  Fig. 4. 

G a s  Shie ld  

Although helium gas shielding is typ- 
ically employed during laser welding due 
to its lower ionization potential and, 
hence, reduced tendency to form 
plasma, the low density of helium makes 

it less suitable for welding in the flat po- 
sition. Bead-on-plate trials conducted to 
determine the influence of shielding gas 
composition revealed that up to 50% 
argon could be added to the shielding gas 
stream without substantially altering the 
depth and width of the LAGMA weld 
pool (Table 3). Additions of oxygen to the 
shielding gas were attempted to promote 
spray transfer and reduce the possibility 
of damage to the laser focusing optics 
due to spatter. The addition of 4.5% oxy- 
gen to the shielding gas produced spray 

Table  4 - -  Effects o f  V - G r o o v e  A n g l e  on  
G M A W  and  L A G M A W  D e p t h  o f  P e n e t r a t i o n  

Groove GMAW LAGMAW Increase 
Angle Depth Depth in Depth/al 

(mm) (mm) (ram) 

45 9.8 12.8 3.0 
60 10.4 13.3 2.9 
90 9.0 13.5 4.5 

(a) LAGMAW Depth - -  GMAW Depth. 
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Heat Input 

Fig. 7 - -  Incomplete penetration in V-groove with a 15-deg in- 
cluded angle. Root opening 0 mm (2.2X). 

transfer conditions and far less spatter. 
However, the increased fluidity of the 
weld pool also introduced the require- 
ment for welding using a backhand weld- 
ing technique (an extremely poor bead 
profile was obtained during forehand 
welding), which in turn resulted in poorer 
weld penetration. Thus, the best penetra- 
tion with LAGMAW was achieved with 
forehand welding procedures and an 
inert gas shield. 

The effect of total heat 
input on weld penetra- 
tion for the LAGMAW, 
GMAW and laser 
processes is shown in 
Fig. 5. It is, of course, 
difficult to make com- 
parisons between dif- 
ferent processes on the 
basis of total (rather 
than net or absorbed) 
heat input because of 
differences in both heat 
transfer efficiency and 
heat source intensity. A 
recent estimate of en- 
ergy absorption effi- 
ciency for the laser 
process, in the keyhole 

mode relevant to the current discussion, 
and incorporating absorption effects in 
the plasma is 0.5 (Ref. 6), while the effi- 
ciency for GMAW is estimated to be 0.75 
(Ref. 7). The focused laser source had, 
based on the 5-kW laser power and 1- 
mm beam size used, an intensity of more 
than 5 x 109 W/m 2. This is more intense 
than a GMAW source, which is unlikely 
to exceed 5 x 108 W/m 2 (Ref. 8). This 

Table 5 - -  Effect of Heat Input on the Microhardness of Bead-on-Plate Laser-Assisted Gas 
Metal Arc Welds Made with a 50% He-50% Ar Gas and a Laser Power of 5.1 kW 

Arc Arc Welding Preheat Heat Weld Metal Coarse-Grained 
Voltage Current Speed °C Input  Hardness HAZ Hardness 
(V) (A) (ram/s) (kJ/mm) (HV 300 g) (HV 300 g) 

30 420 12.7 20 1.39 391 424 
30 395 8.5 20 2.00 379 432 
30 400 12.7 93 1.35 391 416 

Table 6 - -  LAGMAW Procedure for Welding 25-mm-Thick HY-80 Plate for Toughness Tests 

Processing Parameter 

Shielding gas composition 50%He-50% Ar 
Welding speed 10.6 mm/s 
Welding direction Forehand 
Laser output power 5000 W 
Electrode polarity DC electrode positive 
Electrode type Lincoln LA 100, 1.6-mm diameter 
Arc current 390-440 A 
Arc voltage 28 V 
Heat input 1.6 kJ/mm 
Groove preparation Double 45-deg V, 9.5 mm deep, no root opening 
Number of passes 4 
Preheat temperature 93°C minimum 
I nterpass temperatu re 93-149°C 
Torch position: 
C 15 mm 
e 50 deg 
X 0.0 mm 
Z Focal point 4.4 mm below groove bottom 

higher intensity for the laser source 
would translate into a higher efficiency of 
melting by the absorbed energy in the 
laser case. The efficiency and intensity of 
the hybrid LAGMAW process is un- 
known, although as mentioned in the in- 
troduction, it is felt that focusing the arc 
along the laser beam increases intensity 
over the GMAW limit. What Fig. 5 does 
show is that, for the 5-kW laser, the weld- 
ments produced using the LAGMAW 
process required less total heat input to 
produce a given weld penetration than 
either the GMAW or laser welding 
process alone. For example, 8-mm-deep, 
bead-on-plate LAGMA welds could be 
produced using processing parameters 
producing a theoretical heat input of ap- 
proximately 1.0 kJ/mm. Similar GMA 
weld penetration would require welding 
parameters producing approximately 
50% higher total heat input. Laser weld- 
ing alone using 5700 W of power and a 
heat input of 1.35 kJ/mm was able to pro- 
duce a maximum penetration of only 7.5 
mm. Figure 6 shows there is considerable 
scatter in heat-affected zone width for 
both the LAGMAW and the GMAW 
processes over the range of heat inputs 
investigated. Thus, comparisons of heat- 
affected zone width as a function of pen- 
etration or heat input for the various 
processes cannot be made at this time. 

Joint Configuration for Butt-Joint Welds 

Preliminary processing trials utilizing 
bead-on-plate techniques clearly 
demonstrated deeper penetration could 
be achieved by adding laser energy to the 
GMAW process while producing lower 
heat input to the workpiece. However, 
the resulting weldments generally did not 
consistently display sufficient penetra- 
tion (greater than 12.7 mm) to allow for 
the development of a two-pass welding 
process utilizing a butt-joint configura- 
tion. In general, the LAGMAW bead-on- 
plate trials produced welds up to ap- 
proximately 10 mm deep. 

Additional trials to determine the ef- 
fect of weld groove design were per- 
formed using 8-mm-deep V-grooves ma- 
chined to 45-, 60- and 90-deg angles. 
These trials revealed greater depth of pen- 
etration could be achieved in wider 
grooves (Table 4). Narrower V-grooves 
(from 7 to 30 deg) tended to produce in- 
consistent penetration (and incomplete 
penetration for the narrowest grooves), as 
shown in Fig. 7. The introduction of a gap 
at the root of the narrower V-grooves im- 
proved penetration, but required an addi- 
tional pass to fill the extra groove volume. 
A 45-deg V-groove with no root opening 
was considered to be the optimum design 
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for LAGMAW of thick steel plate, since 
wider grooves would require more weld- 
ing passes for complete filling of the joint. 

Effect of Heat Input and Shielding Gas 
Oxygen Content on Microstructure 

To simplify the approach to the large 
number of variables that might affect mi- 
crostructure, only heat input and weld 
metal oxygen content were considered in 
detail. Other independently adjustable 
parameters were set to the values deter- 
mined to give best penetration. Mi- 
crostructural development was exam- 
ined in three steps. In step one, we 
examined the effect of heat input on the 
microstructures of bead-on-plate weld- 
ments made with a 50% He-50% Ar 
shielding gas, LA-100 wire and HY-80 
plate. The results of some of these exper- 
iments are shown in Table 5. The hard- 
ness values in both the weld metal and 
coarse-grained heat-affected zones are 
consistent with the hardnesses expected 
from untempered martensite with carbon 
contents typical of the two zones. Metal- 
Iography revealed the microstructure in 

the coarse-grained heat-affected zone 
consisted of martensite, as did the fine- 
grained heat-affected zone. The weld 
metal itself seemed to be predominately 
martensitic. Little of the acicular ferrite 
associated with high toughness weld- 
ments was observed. The microstructures 
of all the bead-on-plate weldments were 
similar to those of the multipass weld- 
ment shown in Fig. 8, which was pro- 
duced with the parameters shown in 
Table 6. 

In step two, the ef- 
fect of heat input on 
the microstructure of 
single- and double- 
pass weldments was 
examined. The weld- 
ments were pro- 
duced with a 47.7% 
He, 47.7% Ar, 4.6% 
02 shielding gas; a 
45-deg, 7.1 -mm- 
deep V-groove prepa- 
ration; in HY-80 plate 
and with LA-100 
welding wire. The 
purpose of this step 

was to see if oxygen additions would 
allow an acicular ferrite weld metal mi- 
crostructure to be produced. The results 
are summarized in Table 7. It was real- 
ized that dilution of the weld metal with 
manganese-lean base plate would affect 
microstructural development. Thus, dilu- 
tion was estimated using a roller 
planimeter to make the measurements 
described by, for example, Ref. 9. As 
shown in Table 7, dilutions of 30 to 60% 
were estimated, assuming no loss of al- 

Fig. 8 - -  Typical microstructures in four-pass LAGMA weld in HY-80 steel (440X). A - -  Weld metal; B - -  weld metal heat-affected zone; C - -  large- 
grained heat-aftected zone immediately adjacent to the weld interface; D - -  small-grained heat-affected zone; E - -  base metal. 
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Table 7 - -  Hardness and Dilution in HY-80 Welded with 1.6-mm LA-100 Welding Wire and an Atmosphere Containing 4.6% Oxygen 

Huat Input Pluheat/ Dilution Estimated Coarse-Grained HAZ Weld Metal hardness 
(kJ/mm) Intulpass (% F i l l e r ;  Composition (VHN; (VHN) 
pass I/pa~s 2 /~C; C Mn Aw, +_ Std. Dev. Pass 1 

Ave ± Std. Dev. 

2 17 98 29 0.11 0.66 421.8 _+ 19.6 330.1 _+ 5.4 
2.08 97 29 0.11 0.66 425,8 _+ 8.2 305.5 ± 7.4 
2.19 155 33 0.11 0.71 407.2 _+ 14.9 301.6 ± 8.5 
2.12 200 33 0.11 0,71 392.8 ± 21.0 282.0 ± 7.3 
1.08/1.06 97/12 ] 58 0.09 1.02 411.4 _+ 6.6 355.8 ± 18.7 
1.09/1.01 2101208 50 0.09 0.92 412.4 ± 12.6 288.4 ± 4.0 
1.0610.99 2001204 48 0 . I0  0.89 396.8 +_ 15.0 272.0 _+ 5.1 

Pass 2 

341.8 ± 14.0 
291.6_+ 11.7 
280.2 ± 6.4 

Notes: All '.velds ploduLed using ba,._khaild ',velding technique. 
lur~.h dllglc' = 50 dug ~tu the holizullIdl). 
Ld~L'r beam iucal point posit ion = 4.4 mm below groove bottom. 
~,hielding ga~ composi t ion - 40 tt~lh Ar ÷ 40 ft~lh He + 3.8 ft~lh O,  (47.7% Ar + 47.7% He + 4.6%02).  
La'~er output puv,,ur = 4650  4800 W. 
Weld ing Speed - 7.6 mmls (single pass), 15.2 mmls (double pass). 
Weld ing t.ulrenl = 370 -430  A. 
Weld ing voltage = 27 28 V. 

Fig. 9 - -  Weld metal microstructures obtained during welding o f  HY-80 steel with an LA- 100 wire and shielding gas containing A - -  1% oxygen 
addit ion; B - -  3% oxygen addit ion. 

Ioying elements. These estimated dilu- 
tions were in agreement with X-ray mi- 
croanalysis results in a number of loca- 
tions. Microstructural analysis revealed 
little or no acicular ferrite in any of the 
step two weldments. Instead, using the 
terminology adopted by IIW (Ref. 10), the 
weld metal microstructures contained 
mainly ferrite with aligned and non- 
aligned second phase. Primary ferrite 
was also observed in the single-pass 
weldments. The two-pass weld pre- 
heated to the lowest temperature con- 
sisted primarily of martensite with some 
ferrite with aligned second phase and 
grain boundary ferrite. For each of these 
weldments, except where a preheat 
above 200°C was used, the microstruc- 
ture of the coarse-grained heat-affected 
zone was predominately martensitic. 
Hardnesses observed were consistent 
with this. Based on previous work, it is 
likely the volume fraction of martensite in 
all heat-affected zones was reduced for 

preheat and interpass temperatures 
above 150°C (Ref. 11 ). 

In step three, the effect of oxygen level 
in the shielding gas was examined at a 
constant heat input of 1.6 kJ/mm to see if 
an acicular ferrite structure could be pro- 
duced. Again, 45-deg V-grooves ma- 
chined into HY-80 plate and LA-100 
welding wire were used. Parameters 
were similar to those used in step two, 
except that, in this case, additions of 0, 1 
and 3% oxygen were made to the base 
50% He-50% Ar shielding gas. Mi- 
crostructural analysis revealed largely 
martensitic weld metal microstructures 
were produced in the absence of oxygen 
- -  Fig. 8A. Some Widmanst~tten 0~ was 
found to nucleate on nonmetallic inclu- 
sions in the weldment produced using a 
shielding gas containing oxygen - -  Fig. 
9A. Adding 3% oxygen to the gas mix 
produced ferrite with aligned and non- 
aligned second phase, grain boundary 
ferrite and possibly a very minor amount 

of fine acicular ferrite - -  Fig. 9B. How- 
ever, none of the conditions in step three 
produced a microstructure containing 
predominately acicular ferrite. 

As mentioned earlier, increasing the 
oxygen content of the shielding gas pro- 
duced weld metal structures containing 
greater volume fractions of ferritic con- 
stituents (Fig. 9) as compared to the 
largely martensitic microstructure pro- 
duced using helium/argon shielding gas 
- -  Fig. 8. Even though increased oxygen 
favors tough acicular ferrite structures, 
little acicular ferrite was observed. It was 
believed dilution of the electrode metal 
with HY-80 plate produced a weld metal 
chemistry that did not favor acicular fer- 
rite formation. According to Ref. 12, the 
dilutions reported in Table 7 are proba- 
bly sufficiently high (Mn sufficiently low) 
that acicular ferrite formation would be 
suppressed. This is supported by the ob- 
servation that acicular ferrite was pro- 
duced in laser-assisted gas metal arc 
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Table 8 - -  Impact Test Results 

Notch Location Test Temperature Dynamic Tear Energy Shear Lip Weld Zones on 
(°C) (J) (mm) Fracture Surface tal 

Weld Metal -45 404 2.54 70% WM, 30% RHWM 
Weld Metal -45 129 1.45 75% WM, 25% RHWM 
Weld Metal -30 601 4.43 80% WM, 20% RHWM 
Weld Metal -30 1256 4.79 50% WM, 20% RHWM, 25% BM 
Weld Metal -15 511 2.73 80% WM, 20% RHWM 
Weld Metal -15 1547 4.38 80% WM, rest BM and HAZ 
Weld Metal 0 962 4.51 80% WM, 20% RHWM 
Weld Metal 15 1958 5.31 70% WM, rest BM 
Heat-Affected Zone -45 1998 5.28 60% BM, rest WM or HAZ 
Heat-Affected Zone -30 1800 5.2 50% BM, rest HAZ 
Heat-Affected Zone 0 1956 5.74 50% BM, most of the rest WM 
Heat-Affected Zone 15 2883 6.16 BM 

ca) BM--Base metal; WM--Weld metal; RHWM--Reheated weld metal; HAZ Heat-affected zone. 

Fig. 10 - -  Macrographs (1.5X). A - -  Four-pass LAGMA weld for jo ining 25-ram-thick steel plate; B - -  equivalent GMA weld showing incomplete 
penetration. 

weldments produced using the same 
wire but a 300-W base plate, which has 
a higher manganese level. There may 
also be other compositional factors that 
caused the formation of acicular ferrite to 
be suppressed (Ref. 13). 

To aid in the selection of variables for 
the preparation of specimens for tough- 
ness testing, preliminary toughness tests 
were done on specimens made in step 3. 
These experiments showed the weld- 
ments prepared without oxygen addi- 
tions to the shielding gas had the highest 
toughness. 

Preparation and Characterization of 
Coupons Used for Dynamic Tear and 
Explosion Bulge Testing 

Although adequate penetration could 
generally be achieved using a two-pass 
welding procedure in 45-deg V-grooves, 
occasional incomplete penetration was 
observed. For this reason, a four-pass 
welding procedure was selected for the 
production of materials for toughness 
evaluation to ensure full penetration 

through the root of the groove prepara- 
tion. A cross section through the result- 
ing welded joint in 25-mm-thick HY-80 
steel plate displayed good penetration - -  
Fig. 10A. For comparison, a four-pass 
weldment produced using essentially the 
same GMAW parameters revealed an in- 
complete penetration - -  Fig. 10B. The 
welding parameters used to produce the 
LAGMA weldments are listed in Table 6. 
Note that a heat input of 1.6 kJ/mm and 
an argon/helium atmosphere without 
oxygen addition were used. 

The microstructure of the four-pass 
LAGMA weld consisted of martensite/ 
bainite and tempered martensite within 
the weld and coarse-grained heat-af- 
fected zones. A fine-grained structure ex- 
isted in the heat-affected zone located 
further from the weld. Typical mi- 
crostructures are shown in Fig. 8. The 
hardest microstructure was the coarse- 
grained heat-affected zone (401 HV), 
and the softest was the fine-grained heat- 
affected zone (304 HV). The weld metal 
displayed an intermediate hardness 
(326-362 HV). 

Evaluation of Toughness 
by Dynamic Tear Testing 

A toughness transition curve for the 
weldment was produced using the ASTM 
E604 dynamic tear test (Ref. 14) and 25- 
mm-thick specimens. In an effort to learn 
about the heat-affected and weld metal 
zones, notches were machined and 
pressed into the heat-affected zone of 
some specimens, while on others the 
notches were machined and pressed into 
the weld metal. For both types of speci- 
men, dynamic tear energies and shear lip 
sizes were measured. Dynamic tear en- 
ergy is used as a measure of resistance to 
rapid progressive fracture. Although the 
results are only indirectly relatable to 
stress analysis (Ref. 15), energies ob- 
tained are a good measure of the fracture 
toughness. As well, there is a large body 
of meaningful published data on dy- 
namic tear energies and shear lip sizes for 
HY-80 weldments and other materials of 
high toughness (Refs. 16-18). 

Following the technique outlined in 
Ref. 17, shear lip measurements were 
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Fig. I I - -  A - -  Weld metal dynamic tear energy; B - -  shear lip size. Both are a function of  temperature for the laser-assisted gas metal arc weld. 

made by measuring the distance between 
the two shear lips, subtracting that from 
the original specimen width and dividing 
by two to obtain an average shear lip 
width. Such shear lip width measure- 
ments provide an alternative to percent 
shear (Ref. 14), which has been shown to 
directly correlate with the dynamic tear 
energy. Shear lip measurements can be 
used on their own to obtain transition be- 
havior or as a way to check that measured 
dynamic tear energies are reasonable. 

One difficulty conducting tearing 
resistance-type tests (as opposed to frac- 
ture initiation tests) is that the inhomoge- 
neous nature of weldments makes it un- 
clear what is contributing to the energy of 
tearing. To assess what microstructures 
the dynamic tear energies actually re- 
ferred to, following the method de- 
scribed in Ref. 19, halfof each broken dy- 
namic tear specimen was sectioned 
perpendicular to the fracture surface 
along a line parallel to the notch tip. Sec- 
tions taken 4 mm from the notch tip and 
12 mm from the edge of the specimen 
opposite the notch were etched, and the 
portion of the line across the fracture sur- 
face where weld metal, reheated weld 
metal, heat-affected zone material or 
base material was estimated. By averag- 
ing these two values, an estimate of the 
fraction of each type of material on the 
fracture surface was made. 

The results of the dynamic tear tests 
are show in Table 8 and Fig. 11. Also 
shown in Table 8 is the fraction of each 
type of material on the fracture surface. 
It is clear none of the specimens in- 
tended to test heat-affected zone proper- 
ties actually did so. In all cases, cracks 

ran into the base plate. However, in the 
weld metal specimens, the crack stayed 
in the weld metal for the most part. Thus, 
the weld metal tests adequately tested 
weld-metal tearing resistance. One con- 
cern with the weld metal specimens is 
the occasional observation of welding 
discontinuities (gas porosity) on the frac- 
ture surface. It is felt that such disconti- 
nuities probably do not have a dominant 
effect on measured toughness. The rea- 
son for these discontinuities is unclear. 
Gas shielding parameters, speed and 
low manganese level may all have 
played a role. 

Explosion Bulge Testing 

The DREA monoblast, underwater ex- 
plosion bulge procedure (Refs. 20-22), a 
modified version of the American Mili- 
tary Standard procedure (Ref. 23), was 
employed to evaluate a laser-assisted gas 
metal arc welded 61-x 61-x 2.54-cm 
panel. In this procedure, a chilled, full- 
scale test piece is placed on an anvil that 
has a 38-cm circular hole in the center. 
An explosive charge of appropriate 
weight is suspended above the test piece. 
The entire assembly is then submerged in 
water and the charge detonated once the 
test piece attains the testing temperature 
of-5°C. The explosive energy is trans- 
ferred through the water and deforms the 
center of the test piece into the anvil 
opening, thus generating high biaxial 
plastic strain throughout the center por- 
tion of the weldment system. In the DREA 
procedure, the charge weight is selected 
to achieve the required pass/fail degree 
of plate thinning in a single loading 

event. For HY-80 plates and weldments, 
the DREA recommended degree of thin- 
ning in the bulge apex adjacent to the 
weld metal is 16%. This is in keeping 
with the American Military Standard for 
HY-80 steel plates (Ref. 24) but is more 
demanding than the corresponding 
American Military Standard for HY-80 
weldments (Ref. 25). To attain 16% thin- 
ning in 2.54-cm-thick HY-80 weldments, 
the required charge weight is approxi- 
mately 5.5 kg. To satisfactorily pass these 
evaluations, the test panels must achieve 
the desired degree of thinning without 
expelling fragments or developing a 
through-thickness crack or developing a 
surface crack extending into the hold- 
down region. 

Following the explosive deformation 
of the laser-assisted gas metal arc weld- 
ment, no visible cracking or ejected frag- 
ments were observed. Ultrasonic 
through-thickness measurement of the 
material adjacent to the weld in the bulge 
apex was not possible due to the forma- 
tion of subsurface delaminations or de- 
fects. Measurements made at locations 
within the bulge apex, but several cen- 
timeters from the prescribed measure- 
ment location, indicated a plate thinning 
of 13%. Unfortunately it was not possible 
to subsequently section the panel and ex- 
amine the generated defects or make ad- 
ditional thinning measurements. Given 
the level of thinning would be higher at 
the prescribed measurement location 
and the explosive configuration em- 
ployed was sufficient to generate the re- 
quired thinning, it is reasonable to con- 
clude this panel satisfactorily passed the 
evaluation. 
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Fig. 12 - -  A - -  Lower bound weld metal dynamic tear energy; B - -  shear lip size. Both are as a function of  temperature for the laser-assisted gas 
metal arc weld and several gas metal arc welds. 

Discussion 

The results above show, provided op- 
erating parameters are correctly chosen, 
laser-assisted gas metal arc welding can 
improve penetration and welding speed 
and reduce the amount of consumable 
material required relative to arc welding 
processes at the same heat input. For HY- 
80, the use of traditional arc welding 
consumables may be limited by the for- 
mation of nonoptimum weld metal mi- 
crostructures caused by excessive dilu- 
tion of the weld metal. A customized 
consumable containing higher man- 
ganese content may be required to obtain 
the desired acicular ferrite weld mi- 
crostructure. This might also have an ef- 
fect on porosity, though a systematic 
study is required to understand the vari- 
ables that affect porosity formation. The 
same dilution effects can also be ex- 
pected in other deep penetration welding 
processes in which HY-80 and similar 
consumables are used. 

Understanding the significance of dy- 
namic tear measurements requires com- 
ments on the toughness levels required, 
the relationships between more tradi- 
tional 16-mm specimens and full-plate- 
thickness, 25-mm specimens, and com- 
parison with data of other welding meth- 
ods. For the 16-mm specimen and a va- 
riety of 100 and 120 S-1 and S-2 
consumables, Ref. 25 states, depending 
on consumable type, dynamic tear ener- 
gies of above 406 to 524 J (300 to 400 ft- 
Ib) constituted satisfactory toughness lev- 
els at-29°C (-20°F) and energies above 
610 to 780 J (450 to 575 ft-lb) constituted 

satisfactory toughness levels at -1°C 
(30°F). More recently, it has been sug- 
gested, by workers from a number of 
countries, that 690 J at-29°C would be a 
more realistic minimum DT toughness 
for the 16-mm specimen. The goal of 
welding research, however, is to acquire 
toughness levels for weldments on the 
order of the toughness level for HY-80 
steel (T-L orientation). This would place 
the target level in the 900-1200 J level. 
Comparing the 16- and 25-mm speci- 
mens, toughness level requirements for 
25-mm specimens are about the same for 
midpoint transition and lower, but would 
be 25% higher for upper shelf (Ref. 17). 

There is a variety of relevant data on 
the toughness of welds tested using 16- 
mm specimens and a -29°C testing tem- 
perature. For a variety of gas metal arc 
welds in HY-80, using 16-mm specimens 
and a -29°C testing temperature, tough- 
nesses from values of 600 to 1200 J have 
been reported. Submerged arc welding 
gave values, probably in the transition 
zone of the curve, of 544 J for a 2-kJ/mm 
heat input and 237 J for a 4-kJ/mm heat 
input. Shielded metal arc welds pro- 
duced using E12018 M2 electrodes gave 
values of 267 to 407 J (Refs. 15, 16, 26). 

For purposes of comparing the transi- 
tion curve shown in Fig. 11, weld metal 
toughness data from Ref. 18, which 
shows transition curves produced using 
25-mm DT specimens for pulsed gas 
metal arc welds produced using TIME gas 
and 100 $1 wire, are shown in Fig. 12. 
Also shown are data from the same 
source (Ref. 18) on the toughness of con- 
ventional and pulsed gas metal arc welds 

in HY-100 using 120 $1 wire. 
For a test temperature of-30°C, the 

25-ram, laser-assisted gas metal arc weld 
specimens tested in this work gave a dy- 
namic tear energy of 601 J for a specimen 
in which the crack was entirely in the 
weld metal. However, from the lower 
bound limit of the transition curve for the 
LAGMA weldment (Fig. 10), the -30°C 
limit is 250 J. For engineering purposes, 
the lower bound value is relevant. On 
this level the LAGMA weldments are 
clearly inferior to the gas metal arc weld- 
ments shown in Fig. 12. Using the guide- 
lines mentioned above to compare ener- 
gies from 25-mm and 16-mm specimens, 
the lower bound results are comparable, 
or somewhat inferior, to high-quality ap- 
plication of other types of welding to 
1-in.-thick HY-80. The suggested 690J at 
-29°C requirement was not achieved. 

From a research perspective, there is 
reason for optimism. Even though metal- 
Iography showed cracks were predomi- 
nately running in the weld metal, these 
results show the largest amount of scatter 
in dynamic tear energy of any weldment 
we have tested. The high level of scatter 
in the LAGMA weldments and the high 
DT energies measured at -30°C suggest 
better results could be achieved. The DT 
tests were all done on plates welded with 
a helium-argon gas mix. The nominal 
heat input, neglecting efficiency consid- 
erations, was 1.6 kJ/mm. Taking into ac- 
count efficiencies, which have not been 
measured for the LAGMAW process, the 
actual heat inputs are probably some- 
what lower. For gas metal arc welding, 
our experience has been that weld metal 
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toughnesses like those shown in Fig. 12 
are normally achieved with heat inputs 
slightly less than 1 kJ/mm. However, 
good results have been achieved with 
heat inputs up to 2.5 kJ/mm. We believe 
in the LAGMAW case, the heat inputs 
and gas shield are not l ikely the main 
source of the toughness variability. A log- 
ical next step in the work would be the 
development or selection of a consum- 
able alloy that could tolerate the 50% per 
pass di lut ion associated with the 
LAGMAW process. Following on from 
this, parameters would need to be ad- 
justed to reduce the defect level. Finally, 
the effects of heat input and oxygen level 
should be reexamined. It is felt that opti- 
mization of heat input could give im- 
provements in toughness. 

Particularly for narrow-groove welds, 
but probably for all welds, these results 
show the need to ensure that toughnesses 
quoted actually refer to the weld metal, 
rather than some combination of base 
metal and weld metal. This was not done 
for the weldments to which these results 
were compared. It is interesting that for the 
laser-assisted gas metal arc weld, the shear 
lip results do not mirror the dynamic tear 
energies in the way the other weldments 
shown in Fig. 12 do. This may be a result 
of the presence of defects impeding the for- 
mation of shear lips. Alternatively, it may 
be that the higher dilution of the inner 
passes of the weldment gave them intrinsi- 
cally lower toughness, and thus limited 
shear lip formation in this region. These are 
questions that could be considered in a fu- 
ture study with a different consumable. In 
general, the relationship between fracture 
surface information and dynamic tear en- 
ergy for narrow groove weldments needs 
further consideration. 

This work has practical implications 
for laser welding facilities equipped with 
relat ively low power CO 2 and YAG 
lasers that wish to weld thicker materi- 
als. These results show this can be done 
in a way that retains the advantages of 
laser welding. 

Conclusions 

Laser-assisted gas metal arc welding 
using Lincoln LA-100 wire on 25-mm 
HY-80 plate with a four-pass technique 
produced a predominately martensitic 
weld metal microstructure. An acicular 
ferrite weld metal microstructure could 
not be produced for any set of processing 
conditions investigated. This is believed 
to be a result of high levels of dilution. 
The toughness of the laser-assisted gas 
metal arc welds was below acceptable 
levels based on lower bound values. 
Thus, at least with the consumable and 
conditions investigated in this work, 

laser-assisted gas metal arc welding is not 
an acceptable technique for welding of 
HY-80 plate at present. However, the 
considerable scatter in toughness results 
and the high upper bound toughness val- 
ues suggest this is a promising technique, 
perhaps worthy of additional work, for 
example in the area of developing an 
electrode chemistry that would tolerate 
high levels of dilution and allow tough- 
ness to be improved. 
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