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Continuous wave-Nd: yttrium—aluminum—garnet laser welding
of AM60B magnesium alloy
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This study shows that the formation of macroporosity and overfill in the weld pool were the most
pronounced problems during continuous wave Nd:yttrium—aluminum—garnet laser welding of
AMG60B die cast magnesium alloy. The influences of various welding parameters on the formation
of porosity and overfill were investigated with particular emphasis on the mechanism and prevention
of porosity formation. It was found that the macro pores in the weld pool were mainly formed by
the expansion and coalescence of the preexisting pores in the base metal. The amount of macro-
porosity in the weld pool could be reduced to approximately that in the base metal by reducing heat
input, i.e., by increasing welding speed and decreasing laser power. Increasing the beam defocusing
did not reduce porosity in the weld metal until the beam was highly defocused and a shallow weld
pool, characteristic of conduction mode welding was obtained. Overfill was observed for deep
penetration autogenous welds and its formation could be attributed to porosity formation and the
resulting displacement of the liquid metal over the top surface of the workpiec&0@® Laser
Institute of AmericalS1042-346X00)00103-0
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I. INTRODUCTION Previous work® on the laser welding of automotive alu-

Because of their low weight and high specific strength.mmum alloys has shown that macroporosity in the welded

(tensile strength divided b ific gravit nesium al- joints could be controlled by appropriate selection of weld-
enstie strengtt €d Dy Speciiic graviiynagnesium a ing variables. Furthermore, a large window of operating pa-
loys show particular promise for the construction of light-

rameters existed to achieve defect free, structurally sound,

weight structures. Most magnesium alloys are used for PaMShg reliable welds. Such information for laser welding of

that operate at high rotational speeds in order to m'mm'z%agnesium alloys is not generally available.

;]Ifc)rtlsalirf]zlrﬁgzlir(]: duJ;?rri];SrtT::Ethuiﬁrapzﬂf:%%?ii:];g]nﬁggﬁzﬁg The goal of this research is to examine the influences of
andyaeros ace equioment AlthOBL/J, h ioining of thege allo welding speed, laser power, and beam defocusing on the la-
P quip ' gn J 9 Y3er welding of AM60B die cast magnesium alloy. Its specific

igetlhrgpl);::rn\svzzjitrk:elg#;(eés\/eegl/lgg‘lsf|\tlvi(;rl|:nhoa\1;nbtehi\r: :ﬁgo_rte strength of about 122 MPa compares favorably with 103
nesium alloys are dgifficult to weld due to pore formaﬁb% MPa for aluminum alloy 5083 and about 45 MPa for low
. oY . P carbon steel. Excellent specific strength, good elongation,
and liquation crackin. . : .
Liquid ium h hi lubility of hvd toughness and yield strength make this alloy an attractive
iquid magnesium nas a much 1arger Solubliity ot NYaro- ., jiyate for numerous potential applications if the alloy can

gﬁg tsharr]l (Sj(r)gde?aggreoss';:%?:earﬁf?;]e';QJ}?L;%?;‘::'%ﬂhebe welded satisfactorily. The results reported here focus on
ys, ydrogen p Y 10 port: ; the porosity formation during laser welding with emphasis
welding of magnesium alloys:1° In addition, the imperfect

_16 ) on understanding the mechanisms of pore formation. It is
coIIapY)se of the_ keyhofé™and trbulent f_Iow n th? wgld hoped that the results can serve as a basis for the reduction of
poolt” are possible causes of macroporosity formation in th

. : o orosity in the weld metal.

weld metal during laser welding. Weishast al? reported ep y

that dl_e cast magnesium alloys were more prone to porosr[YI_ EXPERIMENT

formation than cast or wrought magnesium alloys. However,

the mechanism of pore formation in die cast magnesium al- Bead-on-plate autogenous welds were produced on 2-
loys is not well understood. and 6-mm-thick plates of AM60B magnesium die cast alloy.

TABLE I. Chemical composition of alloy AM60B.

Al (Wt%)  Cu (wt%) Fe(wt%) Mn (wt%) Ni(wt%) Si(wt%) Zn(wt%) Mg (wt%)

5.22 <0.01 <0.01 0.26 <0.01 0.04 0.05 Balance
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BEAM TRAVEL DIRECTION at the surface of the plate during welding. The focal length of
the He—Ne laser was 0.104 i{2.64 mmn) shorter than that of
the Nd:YAG laser. In order to position the focal point of the
Nd:YAG laser on the top surface of the specimen, a plate of
0.104 in. thickness was placed on the specimen table and the
elevation of the laser head was adjusted to focus the He—Ne
laser on the stainless steel plate surface. Then the original
specimen table surface without the stainless steel plate was
SHIELDING GAS taken as th_e_ focal point for the_ Nd:YAG laser.
NOZZLE An additional set of experiments was conducted to test
the influence of defocusing on the geometry of the weld and
pore formation, using nominal laser power of 1.5 kW and
welding speed of 105.8 mm/s. During this set of experiments
the focus of the laser beam was positioned at defocus values
in the range of-3.5 to +3.0 mm below(negative defocus-
BACK-PLATE ing) and abovedpositive defocusingthe surface of the plates
so that the laser power density varied in the range of approxi-
FIG. 1. Nd:YAG laser welding arrangement. mately 9.6X 10°-5.3x 10° W/cn? as shown in Table II.
Metallographic samples were prepared using cold resin
mounting and consequently polished with SiC paper and alu-
The composition of an AM60B sample was determined bymina powders down to 0.0mm in size. Computer image
spectrochemical characterization and the results are premalysis of the cross sections of the welds was performed
sented in Table I. The sample dimensions were 28 mm wideysing Image Pro® software to determine weld pool geometry
150 mm long, and either 2.0 or 6.0 mm thick. Prior to weld-and area percent and number density of pores in the weld
ing, the samples were ground with 400 grit SiC paper anthool. Some of the macrographs showing the weld pool ge-
cleaned with acetone. Figure 1 schematically shows the e¥metry and macro pores were electronically enhanced to im-
perimental arrangement. The laser beam was delivered usiljgove contrast. The microstructures in the weld metal were
a 600um diameter fiber of fused silica to a f2 focus optics observed using optical microscopy and Vickers microhard-

manipulated through a micropositioning stage mounted on @ess testing was conducted across the welds.
linear translation device. The focal length of the f2 optics for

Nd:yttrium—aluminum—garnefYAG) laser is 77.7 mm and
the beam radius at the focal point is 3@fh. The beam was
provided at a 75° forward angle relative to the work-piece toA. Porosity
prevent damage to the optics due to backreflection. An an- )
cillary copper nozzle having a 8.0 mm inside diameter wasl: /nfluence of the welding speed and laser power
utilized to provide shielding gas. This gas nozzle was di-  Figures 2a), 2(b), and Zc) shows the cross sections of
rected opposite to the direction of travel at an angle of 309aser welds produced on 2-mm-thick plates with welding
with the work piece. During welding the work piece was speeds in the range of 53 to 121 mm/s at nominal powers of
placed horizontally on stainless steel backplate. There was® 1.5, and 1.0 kW, respectively. The data show that ran-
5.0 mmx 5.0 mm square groove between the work piecedomly distributed macroporosity was always present in the
and back plate under the weld region. Both the work piecaveld pool and the base metal. The area percent porosity in
and the backplates were clamped on a working table. Théhe weld metal of both 2- and 6 mm thick plates for various
welding was carried out by moving the laser beam. Heliumwelding conditions is shown gquantitatively in Fig. 3. The
was used as the shielding gas with a flow rate of 94 I/min. average amounts of initial porosity in the base metals are
Weld samples were produced using a Nd:YAG laser unitalso shown in this figure. It is observed that the amount of
with a maximum output power of 3 kW. The welding speedsporosity decreased with the increase in welding speed. At
were in the range of 48-121 mm/s. Three sets of weldow welding speeds, up to 40 area-percent porosity was
samples were prepared using nominal laser powers of 1.@resent in the weld pool while at high welding speeds, the
1.5, and 3.0 kW. The actual output powers, measured usinglavels of porosity in the weld pools were comparable with
LM500 Coherent Labmaster device, were 0.9, 1.55, and 2.5those observed in the base metal. It is also observed in the
kW for nominal powers of 1.0, 1.5, and 3.0 kW, respectively.figure that the decrease in laser power resulted in lower po-
The focal point position of the Nd:YAG laser, determined rosity in the weld pool. It will become apparent later in the
with the help of a He—Ne red diode focusing laser, was keparticle that the use of high welding speed and low laser

Nd:YAG FOCUS HEAD
(2 OPTICS)

BEAM //
WORK-PIECE
1

IIl. RESULTS AND DISCUSSION

TABLE Il. Power density at different beam defocusing for a laser power of 1.5 kW.

Beam defocusingmm) 0 0.5 1.0 1.5 2.0 2.5 3.0 35

Power densityW/cn?) 5.3x10° 4.9x10° 3.9x10° 2.9x10° 2.1x10° 1.6x10° 1.2x10° 9.6x 10
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95.3 mm/s 52.0 mm/s

FIG. 2. Cross section of laser welds in
2 mm-thick plates of AM60B alloy at
different welding speeds and laser

powers.
74.1 mm/s (c) 105. mm/s
(a) 120.7 mm/s
(b) 105.8 mm/s

power limited the time for pore growth and resulted in low 50

. . . [ —o—3.0kw
level of porosity in the weld pool because of the high cooling ; —o—15kW
rate during welding. However, the decrease in porosity at _ 4o [ —o—1.0kW
high welding speeds and low laser powers is accompanied byj\,:
a concomitant reduction in the depth of penetration. % 30 [ }Z
2. Influence of the beam defocusing E ~~~~~~~~ Initial

. . B 20 T ----i porosity
Figures 4a) and 4b) show the cross sections of welds SRR SO in the sample

produced at several defocus values in AM60B alloy of 2- & 10
and 6-mm-thick plates, respectively. The cross sections of E $
the welds show that porosity was produced for all the defo- A S S
cusing conditions. The amount of porosity in the weld pool O e 70 a0 so 100 Mo a2 430
as a function of beam defocusing is shown in Figs) &nd (a) WELDING SPEED (mm/s)
5(b) for the 2- and 6-mme-thick plates, respectively. The ini- 60
tial porosity in the base metals is also shown in these two i "o 30K
figures. It is observed that the amount of porosity in the weld so b —o—1.5 k?

pool does not change consistently with the change of beam
defocusing. Therefore, porosity formation is less dependent< 4
on beam defocusing than on welding speed and laser power .
i.e., the heat input which controls the cooling rate. It is also »* 30|
observed, comparing Figs(éd and §b), that the porosity in = r
the 2-mm-thick plates was less than that in the 6-mm-thick & 20F
plates. This observation is consistent with the higher initial I~

> . ; k 10 Initial porosity
porosity in the 6 mm-thick plates than in the 2-mm-thick - in the sample,
plates' 0:. 1 /I I B I | "
40 50 60 70 80 20 100 110
3. Mechanisms of porosity formation (b) WELDING SPEED (mm/s)

The inStabi"ty of the keyhole h_as be_en identified as ONG:G. 3. Area-percent porosity produced in laser welds of AMGOB alloy at
of the main causes of macroporosity during laser welding ogeveral welding speeds and laser powers.
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+2.0 mm -2.0 mm +2.0 mm -2.0 mm

+1.0 mm - 1.0 mm

(a)

At focus At focus

FIG. 4. Cross sections of laser welds produced at several beam defocus values.

many alloyst'~*® Matsunawaet al 13 studied the behavior of ther in keyhole or in conduction mode of welding. However,
the keyhole during laser welding of aluminum and steel. Amacropores were constantly observed during laser welding
high-speed x-ray photographic method was used to obsena AM60B alloy, even when the penetration of the weld pool
the keyhole. They found that the depth and shape of the&vas very low characteristic of conduction mode welding.
keyhole fluctuated violently during welding. These fluctua- This indicates that the instability of the keyhole was not the
tions caused large bubbles to be intermittently formed at thenain cause of porosity during laser welding of AM60B al-
bottom of the keyhole. From their experimental observationgdoy.
they concluded that the non-uniform vaporization at the key-  Another possible cause of porosity in the weld metal is
hole wall caused the instability of the keyhole and consethe preexisting porosity in the base métdlhe base metal
qguently, the formation of macropores in the weld metal.  used in this study is a die cast alloy that contains significant
Pastoret al!® showed the effect of keyhole stability on amount of macropores as shown in Fig. 7. The average
macropore formation during laser welding of automotive alu-amounts of porosity were 3.5 and 6.0 area percent in 2- and
minum alloys with different extent of beam defocusing. A 6-mme-thick plates, respectively. Figure 8 shows geometry of
comparison of the area percent porosity versus the extent aeveral pores in the fusion zone near the fusion line. Some of
defocusing for laser welding of AM60B alloy with 5754 alu- the pores in this figure are not fully developed and the figure
minum alloy*® shows that the welding mode, i.e., keyhole or shows the process of pore formation. It is observed that near
conduction mode, for AM60B is not well defined and the the fusion boundary, channels connect the large pores in the
amount of macroporosity cannot be related to the mode ofveld metal with the small preexisting pores in the solid base
welding. In contrast, during laser welding of 5754 alloy, themetal. During heating the gas from these small pores can
macroporosity is low in both stable keyhole mode and conexpand into the large pores. This phenomenon is observed
duction mode welding as shown in Figl®In the range of Fig. 8@a) which shows that an expanding pore near the center
welding variables for transition from conduction mode toof the picture grows from an infusion of gas from small
keyhole mode, pronounced porosity is observed due to iminitial pores in the base metal. Figuré8shows that a large
perfect collapse of the keyhole. Therefore, in aluminum alloypore was formed from the coalescence of several initial
5754, macroporosity can be largely avoided by welding eipores. The large pore located near the top of Fig) Bidi-



J. Laser Appl., Vol. 12, No. 3, June 2000 Pastor, Zhao, and DebRoy 95

75
| —e— Set 1
—o—Set2
—&o—Set3
X L
< s0L
% I Initial
> porosity
= in the sample
& s
& I
Ay
0 E. 1 AP 1
-4 -3 -2 -1 0 1 2 3 4
(a) DEFOCUSING (mm)
75
i —— Set 1
—o— Set 2
< [ —r— Set 3
é 50 L
g |
z 25 |
e " Initial
r Porosﬁy
[ inthe samPle\ FIG. 7. Micrographs showing porosity in the AM60B base metal.
(1] I RS R AR EFRET BN SRR SR SN
-4 -3 -2 -1 0 1 2 3 4
(b) DEFOCUSING (mm)

solidification, the solubility of hydrogen in the metal reduces
FIG. 5. Area-percent porosity produced in laser welds of AM60B alloy atdrastically and the extra hydrogen is rejected from the metal,
several beam defocus values. resulting in the formation of hydrogen gas bubbles. During
die casting, the liquid metal is rapidly squeezed into the mold
. ) ) by a high pressure of up to 140 MP4The surface of the die
cates that it was growing from the expansion and coalesgast metal solidifies very quickly and most of the gas bubbles
cence of small pores. The elongated shape of this pore alsge entrapped inside the metal, resulting in the formation of
indicates that the growth direction was from the fusion plangpitial pores. Due to the application of high pressure during
into the fusion zone. Figure(@ shows that the large spheri- e casting, the gas pressures in the initial pores can be
cal pore of about 0.6 mm diameter was formed at the cent&figher than one atmosphere. When the metal is re-melted
of the picture from the expansion of initial pores in the baseduring welding, the gas in the pores expands to release the

metal. Therefore, the expansion and coalescence of the prgressure and contributes to the formation of large pores in
existing pores were responsible for the formation of large

pores in the weld metal.
The reason for the presence of porosity in the specimen pe.
can be traced back to the manufacturing of the die cast base
metal. It is known that the solubility of hydrogen in liquid
magnesium is much higher than in solid magnesiudpon
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FIG. 6. Porosity produced in laser welds of 5754 aluminum alloy at severaFIG. 8. Cross sections of welds depicting the mechanisms of pore formation
defocus valuegsee Ref. 1b near the fusion line of the weld pool.
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TABLE Ill. Number density of pores in the weld pool and the base metal. Width

Laser power

Welding speed 1.5 kW 3.0 kw Overfill

52.9 mm/s 19 mm?

63.5 mm/s 17 mm?

74.1 mm/s 33 mm?2 Weld pool area e
’ P!

85.6 mm/s 30 mm?

95.3 mm/s 36 mm? 22 mm 2

105.8 mm/s 39 mm? 33mm 2

120.7 mm/s 33 mm? 3

Base metal2 mm thick 224 mm ?

FIG. 9. Measurement of weld pool width, depth, and cross-section area.

the weld pool. The expansion of initial pores results in higher
total pore volume in the weld metal than that in the basement of liquid metal by the pores. Therefore, any measure
metal as shown in Fig. 3. that decreases porosity in the weld pool will reduce the over-
The time for heating and coalescence decreases with irfil.
creasing cooling rate in the weld pool. Therefore, the extent  As shown in Fig. 9, the weld pool depth and cross sec-
of initial pore expansion and consequently, the net increastion area were measured without considering the overfill.
in pore volume in the weld pool decrease with increasingThe influences of welding speed and defocusing on the
welding speed and decreasing laser power. This trend can lvédth, depth and cross-sectional area of the weld pool are
observed in Fig. 3. Therefore, the use of high welding speedshown in Figs. 11, 12, and 13, respectively. Each data point
low laser power, or any other measure to increase the coolingpresents the average value of five measurements. As ex-
rate of the weld pool can control the expansion of the initialpected, the width, depth, and cross-sectional area of the weld
pores and minimize porosity formation in the weld pool.  pool decrease with increasing welding speed. It is observed
The coalescence of the initial pores contributed to thehat the weld pool geometry does not change significantly
increase in the average pore size but not to the net increasewhen the beam defocusing is in the range-& mm to +3
the amount porosity in the weld pool. The coalescence pro-
cess is expected to result in smaller number density of pores
in the weld pool than in the base metal. As shown in Table
l1l, the number density of pores decreased from 224Thm
in the 2-mm-thick base metal to values in the range of
17-39mm? in the weld pools. It is also observed in Table
[Il that the number density of pores in the weld pool in-
creases with increasing welding speed and decreasing laset
power. Both increase in welding speed and decrease in laser
power increase the cooling rate and reduce the time for pore
to coalesce, resulting in high number density of pores in the
weld metal. Thus, the expansion and coalescence of the ini-
tial pores in the base metal were the main causes of
macropore formation in the weld pool during laser welding
of AM60B alloy. Elimination of the initial pores in the base
metal is vital to obtain porosity free weldments.

50

[ Area pct porosi
b W Overfill area %

OVERFILL AND POROSITY, (AREA %)

53 64 74 85 95 106
WELDING SPEED (mm/s)

—~
Q
=

35

M Area pct porosify
30 - W Overfill area %

25

B. Weld geometry

Overfill is the region of the weld metal located above the 20 |
original surface of the base metal as shown in Fig. 9. Figure 2
10 shows the area-percent of both overfill and porosity in the A
fusion zone produced at several welding speeds. It is ob- 10 [
served that both area-percent overfill and area-percent poros—§

ity decrease with increasing welding speed. It is also found E 8k
that the area-percent porosity is roughly equal to the area- >
percent overfill. On the other hand, when a weld does not 4 65 7“ & 95 106

contain a large amount of porosity, the upper surface of the ® WELDING SPEET) (i)

weld has a smooth profile and no overfill is formed. Thisgig, 10. Area-percent porosity and area-percent overfill in laser welds of
evidence indicates that overfill was caused by the displacexMe0B alloy at several welding speeds.

OROSITY (AREA %)

15 |
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FIG. 11. Width and depth of the weld pools produced at several welding = 1k
speeds and laser powers in AM60B alloy. E r 6 mm
& "
m [
2 0sp
mm, which corresponds to an average laser power density in ) S U T T U T T
-4 -3 -2 -1 0 1 2 3 4
the range of 1.X 10°—5.3X 10° W/cn¥. The deep penetra-
tion of these weld pool indicates that a keyhole was formed (b) DEFOCUSING (mm)

d_urlng the weldlng. When the beam defocus values ar%lG. 12. Width and depth of the weld pools produced at several beam
higher thar+-3 mm or less thanr-3 mm, i.e., the laser power defocus values.

density is smaller than 1.2 10° W/cn?, the weld pool

depth reduces more significantly than the weld pool width,

resulting in shallow weld pool shape that is characteristic ofcored grains of magnesium-rich solid soluti¢gray) sur-
conduction mode of welding. Therefore, the threshold laserounded by Mg-Al;, (unetched intermetallic compound at
power density for keyhole formation for this alloy is about the grain boundaries. The volume fraction of & ,, inter-
1.2X 10° W/cn?. This is much smaller than that for laser metallic phase in the fusion zone is somewhat higher than
welding of 5000 series automotive aluminum alloys wherethat in the base metal, caused by the nonequilibrium solidi-
the threshold values were in the range of 8 70°—8.4 fication during the welding. Porositiblack is present in

X 10° W/cn?. *® This difference can be attributed to the much both the fusion zone and the base metal. More porosity is
higher equilibrium vapor pressure of magnesium than that opbserved near the fusion plane than in the interior, indicating
aluminum. pronounced rejection of hydrogen along the solid—liquid in-
terface.

The solid solution phase has equiaxed morphology in the
base metal and the fusion zone of low-speed welds as shown
Figure 14 shows the typical microstructures of the fusionin Figs. 1%a) and 1%b), respectively. However, the mor-

zone and the base metal near the fusion plane. Heat affect@thology became dendritic in the fusion zone of 6-mm-thick
zone is very small in the welds, which is characteristic ofplates at welding speeds higher than 74 mm/s as shown in
high power density laser welding. It is observed that theFig. 15c). The grain size in the base metal is much larger
microstructures in both fusion zone and base metal consist @¢han that in the fusion zone. The average grain size in the

C. Microstructure and hardness
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FIG. 13. Weld pool area produced at several welding speeds, laser powers,
and beam defocus values.

base metal was about 3dn while the average grain size in
the fusion zone as a function of the welding speed is shown
in Fig. 16. It is observed that for the 2-mm-thick plates, the
average grain size in the fusion zone decreases as the weld-
ing speed increases as expected. For the 6-mm-thick plates,
the grain size in the fusion zone also decreases with increas-
ing welding speed of up to 74 mm/s. However, when the
welding speed is higher than 74 mm/s, the morphology
changes from equiaxed to dendritic and therefore, the grain
size cannot be measured in terms of grain diameter. It is also
observed that the grain size in the fusion zone of the 6-mm-

thick plates is much smaller than that in the 2-mm-thickgig, 15. Grain morphologies in the base metal and fusion zone of laser

plates. The difference in grain size and grain morphologywelded AM60B alloy.
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FIG. 16. Variation of grain size in the fusion zone as a function of the
welding speed for laser welds of AM60B alloy.

FIG. 18. Dents of microhardness testing showing the influence of porosity

small grain size and high volume fraction of M4l ,, inter- " hardness.

metallic phase in the fusion zone are considered to be the
main causes of hardening in the fusion zone. There is a nar- (1) Pronounced porosity in the fusion zone was observed
row region in the base metal adjacent to the fusion line P Y

where the average hardness is lower than both the base meymé]edcira?:lsg]ife);ﬁigﬂqeg f‘r:];t?g:'&Zgi;gi;%%i:ggg?;;
and the fusion zone. The average hardness obtained from t%l’el nce of the in'thiaI o>r/es in the base me?al
indentations in a region within 100m from the fusion plane pores. '
was about 47 HV. The low hardness is considered to b (2) Extent of porosity in the weld pool could be lowered

' . o . 0 approximately that of the base metal by decreasing heat
caused by the accumulation of pores in this region. As show!

in Fig. 18, low hardness values were obtained in regions Opput, l.e., by e_lther increasing welding speed f# constant
power or reducing power level at constant welding speed.

high porosity. Thus, the formation of porosity remains a ma-! .
jor concern for the laser welding of AME0B alloy. iI;I]tp))\lijvtever, the depth of penetration was reduced at low heat
IV. CONCLUSIONS (3) Initi_al pores in the bas_e metal played a mgjor role ?n
) o - the formation of macropores in the weld pool. It is essential

This study shows a limited weldability of AM60B mag- o eliminate initial pores in order to obtain porosity free
nesium alloy due to the presence of initial pores in the basge|ds.
metal during laser welding. The major conclusions of this (4 Significant overfill was caused by the formation
research are as follows: macroporosity in autogenous deep penetration welds. The
extent of overfill could be lowered by reducing heat input.

(5)The power density needed for the formation of key-
hole in AM60B was significantly lower than that necessary
for the welding of 5000 series automotive aluminum alloys.
The reduction in the threshold power density resulted from
relatively higher equilibrium vapor pressure of the magne-
sium alloy.

(6) The microstructures of both the fusion zone and the
base metal in the fusion consisted of a magnesium-rich solid

solution and Mg-Al 1, intermetallic. The hardness in the fu-
sion zone was somewhat higher than in the base metal. This
80 . is considered to be caused by the small grain size and high
70 F volume fraction of Mg-Al 1, intermetallic in the fusion zone.
60 |
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