


MATERIALS AND WELDING PROCEDURES the fusion zone. The microstructures were

identified using standards and terminology
developed by The Welding Institute (8).

Microhardness tests were made on the transverse
cross-sections of the weld mid-way between the

"top and bottom of the weld. Fracture toughness
of the welds was determined by CVN tests

according to AWS specifications. The CVN tests

were conducted at 21°C (70°F). -18°C (0°F). and
-51°C (-60°F). The tensile tests were also

conducted following AWS standards.
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Photo macrograph showing effects of

power and travel speed on A633

autogenous weld shape (Nital Etch).

Fig. 1

Three HSLA steels were $elected based on

their low carbon content, high fracture
toughness at low temperatures. and availability

The three HSLA steel chosen were A633, Grade E;
A737. Grade B; and A710, Grade A, Class 3.

Another HSLA steel, A736. Class 3, was also

received but because it was the pressure vessel
equivalent of the A710. they were both referred

to as A710/736 (Table 1). All plates were 12.5
+ U.3 mm (0.5 + 0.01 in) and were cut into 152

mm (6 in) X 305 mm (12 in) pieces with the long
edge lying in the longitudinal. L, or rolling

direction. The longitudinal surface of the
edge of the plate to be welded was machined
square and flat. The plates were grit blasted

to remove oil. scale, and oxides from the
surface. Base plate microstructures were

determined and the mechancial properties

measured. Mechanical properties included

Charpy V-notch (CVN) and tensile tests in the
L-T (transverse) and T-L (rolling) directions.

In addition to autogenous butt welds,
welds with Inconel 600 inserts (0.13 mm (0.005
in) thick) placed in the weld joint prior to

welding were made. This was done to alloy the
fusion zone material in an effort to increase
the fracture toughness of the weld. Similar

additions have been made to laser beam welded
HY steels with successful results being

reported by Moon and Metzbower (7).

All welds were made using the 15 kW. C02
cw laser at the U.S. Naval Research Laboratory

(NRL). The power required to weld ranged

between 11 kWand 13 kW with some experimental
welds being made at 15 kW (Fig. 1). Weld speeds
ranged from 11 mm/sec (26 ipm) to 14 mm/sec (33

ipm) with experimental high power welds being
made at 20 mm/sec (47 ipm). The laser beam is

delivered to the work station by a series of

flat metal mirrors with the final mirror being
a focussing mirror with a focal length of 0.5
meters (19.7 in). In order to fabricate the

welds with the best depth-to-width ratio the
focal point of the laser is usually positioned

not on the workpiece surface but 2.5 mm (0.1

in) below the top surface of the plate.
Alignment of the weld joint was

accomplished by using a low power helium neon
(HeNe) laser that is coaxial to the CQ2 laser.

Tack welds were made at each end of the weld
joint to prevent spreading during ,the weld

pass.
Following the weld pass, the weldments

were radiographed to determine internal defects

such as porosity and/or cracking. The plates
were then cut into the required metallographic
and mechanical test specimens.

DETKRMINING CHARACTERISTICS OF LASER WELDMENTS

The laser weldments were optically
examined for solidification structure and

microstructure. The microstructure examination

included the base plate material. the HAZ. and

A633, GRADE E -The microstructure of A633,
Grade E, is a banded blocky ferrite structure
(Fig 2). The microstructure of the HAZ of both

the autogenous and Inconel insert welds were
identical as was true in all of the other

materials. The region of the HAZ nearest the

base plate material was a refined structure
with what appeared to be a carbide structure
(i.e., Fe3C) conglomerating into large

"islands." This resulted in a loss of the
banded structure. The area near the fusion

zone contained grain boundary ferrite,
ferrite-carbide aggregate and aligned
martensite-austensite-carbide (MAC). A similar
structure was found in the autogenous weld
fusion zone with the only difference ~ing that

the fusion zone was more refined (Fig. 3). The
fusion zone of the weld with an Inconel inserts

was a mixture of ferrite with aligned MAC and
ferrite-carbide aggregate (Fig. 4). The

microhardness of the A633 base plate was

approximately 150 Vickers hardness number (VHN)
while the autogenous weld reached a

microhardness of 400 VHN in the fusion zone and

the Inconel insert weld reached a microhardness
of 550 VHN in the fusion zone (Fig. 5).

The CVN values of the welds were in all

cases lower than the base plate values (Table 2
and 3). The autogenous welds averaged

approximately half the CVN values of base plate
specimens in the T-L direction while the CVN
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Table 1. Compositions, wt%

C Mn p S Si Cr Ni Ma V Al Nb Fe Other

A633,
Grade E 0.19 1.41 0.006 0.025 0.45 0.08 HAL O.O23N

A737.
Grade B 0.14 1.27 0.010 0.028 0.23 0.033 0.029 BAL

A71U/736
..;rade A
Class 3 0.03 0.61 0.010 0.006 0.26 0.86 O~92 0.20 0.029 0.04 1.20CuBAL

Incone1600 0.02 0.22 0.002 0.18 15.14 75.68 8.62 0. 14Cu

values of the lnconel insert welds were

approximately one third the T-L base plate CVN
values. These differences existed at all three

temperatures tested.

Fig. 4 Microstructure of the fusion zone of

A633 Incone1600 insert weld (Nital

Etch).

The A633 welds, both autogenous and
lnconel were found to have higher ultimate

tensile strengths (UTS) but lower yield
Rtrengths (YS)., reduction in areas (RA) , and

elongation (Elong.). Also, all failures

occurred outside of the weld areas (Table 3).

A737, GRADE B -The microstructure of A737,

Grade B, was similar to that of the A633;

blocky ferrite with carbide aggregate regions.
However, in the A737 the carbide regions and

ferrite structure were more refined plus the

carbide aggregate did not form bands (Fig. 6).
In the HAZ of A737 the microstructure

transformed from that of the base plate to a

more refine ferrite with the carbide aggregate

becoming spheroidal and conglomerate. The HAZ
adjacent to the fusion zone was a mixture of

ferrite with aligned MAC and ferrite-carbide
aggregate. The fusion zone of the A737
autogenous weld was similar to the l~;

ferrite-carbide aggregate, grain boundary
ferrite, and ferrite with aligned MAC (Fig. 7).
The fusion zone of the A737 with the Inconel

insert was a mixture of ferrite with aligned
MAC structure and grain boundary ferrite. The

microhardness of the autogenous and the Inconel
insert welds ranged from 150 VHN in the base

Fig. 3 of A633Fusion zone microstructure

autogenous weld (Nital Etch).
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Fig. 5 Microhardness profiles of A633

autogenous and lnconel 600 insert welds

(Nital Etch).
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Fig. 6 Base plate microstructure of A737,

Grade B. Note the blocky ferrite
structure (Nital Etch).

Fig. 8 Microhardness

autogenous and
welds.

profiles
Inconel

of A737
600 insert

plate of both to 450 VHN and 380 VHN,
respectively, in the fusion zones (Fig. 8).

The YS and UTS of the autogenous and

lnconel insert welds were approximately 34.5
MPa (5 ksi) higher than that recorded for the
base plate properties. The failures in the

weld tensile specimens occurred outside of the
HAZ. There was no noticeable change in the RA
values and only a slight decrease in the Elong.

values (Table 2 and 3).
The lnconel insert welds had CVN values

that were constant and were approximately 7

Joules (5.1 ft lbs) lower than the T-L
direction CVN values from the base plate. This
was true at all three temperatures. A similar

result was true in the autogenous weld except
at -51°C (-60°F) at which the CVN values

dropped sharplyand were 20.4 Joules (15 ft

lbs) lower than the values recorded for the T-L
direction of the base plate material (Tables 2
and 3).

Fig. 9 Microstructure transition of AlIO/736

from the blocky ferrite base plate

structure (left) to the refined
structure at the beginning of the HAZ

(right) (Nital Etch).
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Fig. 10 Region of acicular ferrite structure

in the fusion zone of A710/736

autogenous weld (Nital etch).

of A710!736

600 insert

profiles
Inconel

Fig. 12 Microhardness
autogenous and

welds.
A710, GRADE A, CLASS 3 AND A736, CLASS 3-

The microstructure of the A710/736 base plate

was a very fine blocky ferrite with some small

carbide aggregate regions located along the
grain boundaries (Fig. 9). The HAZ near the

base plate was similar to the base plate

microstructure except the blocky ferrite was

more refined and the carbide aggregate regions
larger. The HAZ near the fusion zone was a

mixture of martensite and ferrite with aligned

MAC. The fusion zone of the autogenous

A710/736 weld was a combination of acicular

ferrite, ferrite with aligned MAC, and grain
boundary ferrite (Fig. 10). The microstructure
of the A710/736 lnconel insert weld fusion zone

was a large grain martensite structure (Fig.
11). The microhardness of the A710/736 base
plate was approximately 200 VHN whereas the

autogenous weld fusion zone was 300 VHN and the
lnconel insert weld fusion zone was slightly

higher at 350 VHN (Fig. 12).

The CVN results for the A710/736 welds

were quite scattered. At 21°C (70°F) the

autogenous welds ranged from 90 Joules (66 ft
lbs) to 351 Joules (258 ft lbs) whereas the

base plate T-L direction averaged 204 Joules

(150 ft lbs) and the L-T direction averaged 265

Joules (195 ft lbs). At -18°C (o°F) the range
of CVN values were 253 Joules (186 ft-lbs) to a

lowof 16 Joules (12 ft-lbs) and from 76 Joules
(56 ft-lbs) to 11 Joules (8 ft-lbs) at -51°C

(-60°F). The fracture surfaces of specimens

with low CVN values were examined by the

scanning electron microscope. The fracture
surfaces of the specimens were found to have

features associated with solidification
cracking and/or incomplete fusion. The

fracture surface of a specimen with a CVN value

near that of the base plate was examined by SEM
The surface was found to be covered with

microvoid coalescence.
The mechanical properties of the A7101736

autogenous and Inconel insert welds were

slightly lower than the base plate properties

(Table 2 and 3). Three A7101736 (one
autogenous and two Inconel) welds failed in the

weld itself with the result being a significant
drop in UTS and Elong. and in two of these

three cases the R.A.

LASER WELDING EFFECTS ON HSLA PROPERTIES

The results of the CVN and mechanical
tests of laser welded HSLA steels were not
totally unexpected. Numerous papers have been

published on the effects of alloy elements
and/or cooling rates on the mechanical

properties (8,9,10,11,12). In laser welding
the solidification and quenching rates are much

higher than that of conventional welding and

Fusion zone microstructure of A710/736
weld with Inconel 600 insert (Nital

Etch).

Fig. 11
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