
WELDING RESEARCH 

SUPPLEMENT TO THE WELDING JOURNAL, JULY 1989 

Sponsored by the American Welding Societv and the Welding Research Council 

All papers published in the Welding Journal's Welding Research Supplement undergo Peer Review before 
publication for: 1) originality of the contribution: 2) technical value to the welding community: 3) prior 
publication of the material being reviewed: 4) proper credit to others working in the same area; and 5) 
justification of the conclusions, based on the work performed. 

The names of the more than 170 individuals serving on the AWS Peer Review Panel are published 
periodically. All are experts in specific technical areas, and all are volunteers in the program. 

Hot Ductility Response of Al-Mg 
and Al-Mg-Li Alloys 

The effect of lithium on HAZ hot cracking susceptibility was 
evaluated for AI-4Mg and AI-4Mg-2Li alloys 

BY J. P. BALAGUER, D. W. WALSH AND E. F. NIPPES 

ABSTRACT. The main thrust of Al-Li alloy 
development thus far has been for 
lighter, stiffer aircraft alloys, which are 
normally fastened by mechanical means. 
Therefore, there has been relatively little 
work examining the weldability of lithi
um-containing aluminum alloys. In this 
study, the physical metallurgy and weld
ability of Al-Li and Al-Li-Mg alloys are 
reviewed. A general discussion of hot-
ductility testing and the use of weldability 
tests for evaluating aluminum-base alloys 
is also presented. The object of this study 
was to compare and contrast the hot 
ductility behavior of a commercial Al-
4Mg alloy (Alloy 5083) and an AI-4Mg-2Li 
alloy in order to evaluate the effect of 
lithium additions on the heat-affected 
zone (HAZ) hot cracking susceptibility of 
aluminum alloys. Hot-ductility profiles for 
AI-4Mg and AI-2Li-4Mg alloys were 
developed for two HAZ cooling rates. 
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The results of on-heating (OH) and on-
cooling (OC) tests were compared on the 
basis of strength ratio (UTSCK/UTSOH) 
and ductility ratio (RAOC/RAQH) as a func
tion of homologous strain temperature 
(temperature/nil-strength temperature). 
The HAZ hot-cracking susceptibility of 
these alloys was evaluated using criteria 
originally developed from hot-ductility 
testing of nickel-based superalloys. 

Introduction 

There has been considerable interest 
recently in aluminum-lithium alloys. It has 
been well documented that additions of 
lithium to aluminum alloys increase the 
elastic modulus and strength, and 
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decrease the density and ductility. The 
high strength/weight and stiffness/ 
weight ratios of Al-Li alloys make them 
excellent materials for aerospace applica
tions. Despite the apparent attractiveness 
of these alloys, relatively few have been 
commercially successful. Alloy 2020, a 
high-strength Al-4.5Cu-1Li alloy devel
oped and offered commercially by Alcoa 
in the 1950's, was later withdrawn as a 
result of a combination of poor proper
ties (low ductility and toughness) and 
production problems (Ref. 1). Alloy 
01420, an Al-5Mg-2Li alloy developed in 
the U.S.S.R. in the early 1960's, was 
reported by Pickens (Ref. 2) to be the 
only weldable aluminum-lithium alloy of 
commercial utility. Most recently, charac
terization studies of fusion welds in new
ly-developed Al-Li-Cu-Zr (Alloy 2090) and 
Al-Li-Cu-Mg-Zr (Alloy 8090) alloys have 
been initiated (Refs. 3, 4). The problems 
inherent in the production and properties 
of lithium-containing aluminum alloys 
have received considerable attention 
(Refs. 5, 6) and only the salient aspects of 
previous studies will be reviewed pres
ently. 

Metallurgy 

The Al-Li binary system is a classical 
precipitation-hardening system. Solution-
izing, quenching and artificial aging of an 
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Al-Li alloy containing a minimum of 1.7 
wt-% Li will result in the formation of the 
spherical, coherent precipitate b' (AI3Li) 
(Ref. 7). The 8' precipitate has an ordered 
A3B structure identical to that of Cu3Au 
(Ref. 8); the resulting ordered precipitate-
matrix system is similar to that of the 
7 / 7 ' nickel-base superalloys. If over-
aged, the 8' coarsens and eventually 
forms the equilibrium phase, 5 (Al-Li). The 
overaging process has been observed to 
occur preferentially at the grain bound
aries, prior to overaging in the matrix. It 
has been proposed that, similar to other 
age-hardening systems, enhanced diffu-
sivities along grain boundaries result in 
the preferential growth of b', and even
tually, b at the grain boundaries (Ref. 9). 
As a result of b' precipitate growth on 
grain boundaries, precipitate-free zones 
are formed adjacent to the grain bound
aries. Previous investigations have shown 
that the tensile strength of AI-2Li alloys 
decreases rapidly at temperatures of 
150°C (302°F) or higher (Ref. 10). 

The Al-Mg-Li alloy system was one 
of the first Al-Li-X systems to be exten
sively examined. The addition of Mg to 
the Al-Li alloys results in increased 
strength through enhanced solid-solution 
strengthening and increased b' precipita
tion. The addition of Mg decreases the 
solid solubility of Li in Al, resulting in an 
increased volume fraction of precipitated 
b' (Ref. 11). In the first stages of precipi
tation, the Mg remains in solid solution 
and b' precipitates. In the later stages of 
precipitation, a fraction of the Mg enters 
into the reaction and A^MgLi precipi
tates; the remainder of the Mg is retained 
in solid solution (Refs. 11, 12). The 
AI2MgLi precipitate is incoherent with the 
fee aluminum solid-solution matrix and 
forms during overaging or as a product of 
heterogeneous nucleation on grain and 
subgrain boundaries (Ref. 13). Previous 
investigations of AI-2Li-4Mg, utilizing the 
transmission electron microscope (TEM), 
have shown that the A^MgLi precipitates 
first at the grain boundaries and then, at 
higher temperatures, in the matrix (Refs. 
10, 11). Furthermore, as a result of the 
coarsening of b' and the concomitant 
precipitation of incoherent Al2MgLi, the 
ultimate tensile strength (UTS) and the 
yield strength (YS) of AI-2Li-4Mg dropped 
sharply at 250°C (482°F). 

Weldability 

The main thrust of Al-Li development 
has been for lighter, stiffer aircraft alloys, 
which are normally fastened by mechani
cal means. Therefore, there has been 
relatively little work examining the weld
ability of lithium-containing aluminum 
alloys. What little data exist on the weld
ability of these alloys were recently 
reviewed by Pickens (Ref. 2); only a brief 
summary will be presented here. A study 

by Cross (Ref. 14) of high-purity Al-Li 
binary alloys has shown that the maxi
mum hot-tearing susceptibility, as mea
sured by the Varestraint test, was 
observed for a composition of A1-2.6LL 
However, these alloys were welded in 
the solutionized condition and the inves
tigators did not discriminate between 
weld metal and heat-affected zone (HAZ) 
cracking. 

The weldability of Alloy 2020 fabri
cated by rapid solidification was recently 
examined and judged to be rather poor. 
The problems experienced with welding 
this alloy, including grain-boundary liqua
tion at the fusion line and porosity, may 
be at least partially attributable to the 
powder processing and degassing associ
ated with the fabrication process (Ref. 
15). Alloy 01420 has been shown to be 
resistant to weld metal hot cracking with 
a variety of different filler metals (Ref. 16); 
although porosity is a consistent problem, 
it can be greatly reduced by chemical or 
mechanical milling before welding (Ref. 
17). Pickens (Ref. 17) has reported that 
joint efficiencies of 64% can be obtained 
in Alloy 01420 gas tungsten arc (GTA) 
welded with 01420 filler metal; postweld 
heat treatment of the entire weldment 
increases the joint efficiency to 85%. 
There is, however, no information in the 
literature regarding the HAZ hot cracking 
susceptibility of this alloy. Limited weld
ability tests of the recently developed 
Alcan 8090-series alloys (AI-2.6Li-1.2Cu-
1.0Mg-0.14Zr) indicate only that "weld
ing appears possible" (Ref. 18) and that 
as-welded joint efficiencies of 50-55% 
were obtained in gas metal arc (GMA) 
welds fabricated with commercial filler 
metals (Ref. 4). Alloy 2090-T8X (Al-2.2Li-
2.7Cu-0.12Zr) has also been welded suc
cessfully using the GMA process and 
commercial filler metals (Ref. 3). 

Weldability Testing 

Hot ductility testing has been success
fully used to evaluate the hot cracking 
susceptibility of many alloys, including 
low-alloy steels (Ref. 19), austenitic stain
less steels (Refs. 20-23), and other high-
temperature alloys (Refs. 24-29). The hot 
ductility test, in its present form, provides 
a means for estimating the strength and 
ductility of a material that has been sub
jected to a weld thermal cycle. The 
relationship of hot ductility test results to 
weld HAZ hot-cracking susceptibility has 
been the subject of some debate (Refs. 
24, 30), and a critical review was offered 
by Kreischer (Ref. 30). In summary, the 
following have been suggested: 

1) The use of nil-strength temperature 
(NST), as opposed to nil-ductility temper
ature (NDT), provides a more accurate 
indication of the hot cracking susceptibili
ty of a particular material (Refs. 22, 30). 

2) In nickel-based alloys, two low-duc

tility regions are normally observed; a 
high-temperature low-ductility region 
that can be attributed to grain-boundary 
liquation and a mid-temperature ductility 
dip, which is often attributed to precipita
tion of embrittling carbides (Ref. 24). In 
cast steels, the high-temperature low-
ductility region has been attributed to the 
precipitation of MnS on the grain bound
aries (Ref. 31). 

3) Alloys that exhibit high ductilities on 
heating to elevated temperatures and 
good ductility recovery on cooling from 
the NST are normally crack resistant (Ref. 
30). 

4) Alloys that have relatively high ten
sile strengths at elevated temperatures 
are normally crack resistant despite low 
measured ductilities (Ref. 30). 

5) Alloys that exhibit relatively low 
tensile strengths at elevated tempera
tures, in concert with only moderate 
ductilities, are normally crack sensitive 
(Ref. 30). 

There is no information in the literature 
regarding conventional hot ductility test
ing of aluminum alloys. However, other 
indirect weldability tests have been used 
to evaluate these alloys, including the 
high-strain-rate hot-tensile test (Ref. 32), 
the strain duplication test (Ref. 33), and a 
system involving comparison of ductility 
and linear shrinkage along the solidifica
tion range (Ref. 34). The hot cracking 
susceptibility of many aluminum alloys 
has been evaluated using direct weldabil
ity tests, including weld tensile tests (Refs. 
4, 17), the Varestraint test (Refs. 35, 36), 
the Houldcroft test (Refs. 32, 37, 38), the 
Patch test (Refs. 32, 39), the Cruciform 
test (Refs. 37, 38), high-restraint welds 
(Refs. 37, 40), and high-temperature bend 
tests (Ref. 41). The hot ductility test was 
selected for use in the present investiga
tion for reasons of limited material 
resources and ease of operation. 

The object of this study was to com
pare and contrast the hot ductility behav
ior of a commercial Al-4Mg alloy (Alloy 
5083) and an AI-4Mg-2Li alloy in order to 
evaluate the effect of lithium additions on 
the HAZ hot cracking susceptibility of 
aluminum alloys. 

Materials and Procedures 

Materials 

The materials used in this investigation 
were a high-purity ternary AI-4Mg-2Li 
alloy and a commercial AI-4Mg alloy 
(5083-0). The chemical compositions of 
these alloys are given in Table 1. The 
AI-4Mg-2Li alloy, fabricated from pre-
alloyed powders, was rolled to 12.5-mm 
(0.5-in.) thick plate. The Al-Mg alloy was 
obtained in the form of 25-mm (1-in.) 
thick plate. The room-temperature 
mechanical properties of these materials 
are listed in Table 2. 
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Experimental Procedure 

Hot ducti l i ty testing was p e r f o r m e d 
using a Gleeble M o d e l 1500 t h e r m o m e 
chanical simulat ion device. High-speed 
e levated- temperature tensile tests w e r e 
p e r f o r m e d o n 6.35-mm (0.25-in.) d iame
ter cylindrical specimens. Tempera ture 
cont ro l was p rov ided by a t w o - w i r e , 
chromel-a lumel t he rmocoup le percus
sion w e l d e d to the specimen. The nil-
strength tempera tu re (NST) of each alloy 
was de termined by placing a stress of 10 
MPa (1.5 ksi) o n the specimen and heat
ing at 2 5 ° C / s (45°F/s) until failure 
occur red. The tempera tu re at wh ich fail
ure occurs is the nil-strength tempera
ture. 

T w o synthetic thermal cycles w e r e 
then designed, based o n tempera ture 
measurements in a luminum plate by Mas
ubuchi (Ref. 44), t o simulate the we ld 
HAZ. Both thermal cycles consisted of 
heat ing at 5 0 ° C / s (90°F/s) t o 5 0 0 ° C 
(932°F). The t w o thermal cycles d i f fered 
only in cool ing rate; the " f a s t " cycle had a 
cool ing rate of 6 6 ° C / s (119° F/s) and the 
" s l o w " cycle had a cool ing rate of 3 3 ° C / 
s (59°F/s). 

High-speed tensile tests, w i t h a stroke 
rate of 5 c m / s (2 in./s), w e r e p e r f o r m e d 
o n the heat ing and cool ing segments o f 
the synthetic thermal cycle. A m in imum 
of t w o tests w e r e p e r f o r m e d at each test 
tempera ture . On-heat ing (OH) tests at 
5 0 0 ° C (932°F) w e r e p e r f o r m e d immedi 
ately upon reaching peak tempera ture , 
wh i le on-coo l ing (OC) tests at 500°C 
w e r e pe r f o rmed after hold ing at peak 
tempera ture for 1 s. The resulting fo rce 
data w e r e gathered using a high-speed 
data-acquisit ion m e m o r y (Datalyzer). Re-
duct ion-in-area data w e r e measured 
using an optical microscope equ ipped 
w i t h a filar eyepiece. 

Ho t ducti l i ty samples w e r e sect ioned 
for metal lographic and f ractographic 
examinat ion using a s low-speed d iamond 
cuto f f machine. Metal lographic speci-

Table 1—Composition of Alloys Used in This Investigation 

A[|o y Composition (wt-%) 

Al-Mg-Li 
(Ref. 42) 

Al-Mg 

Mg 

4.24 

4.24 

Zn 

0.0004 

0.0650 

Li 

2.13 

Si 

0.100 

0.076 

Cr 

<0.002 

0.077 

Fe 

0.01 

0.20 

Mn Al 

0.002 bal. 

0.65 bal. 

mens w e r e prepared by mechanical lap
p ing, gr inding, and polishing to a 0.3 fim 
f inish. The A l -Mg alloy samples w e r e 
chemically e tched w i th an aqueous solu
t ion of 1 % HF. The Al-Mg-Li alloy samples 
w e r e chemically e tched w i t h a solut ion of 
5% HF saturated w i t h molybd ic acid. 
Fractography was p e r f o r m e d on an 
AMR-1000 scanning electron microscope 
(SEM). 

Results 

Hot Ductility Tests 

The nil-strength temperatures of the 
A l -Mg and Al-Mg-Li alloys w e r e 560°C 
(1040°F) and 5 4 0 ° C (1004°F), respect ive
ly. The results o f hot ducti l i ty tests on the 
A l -Mg alloy are s h o w n in Figs. 1 and 2. 
The results s h o w n in Fig. 1 indicate that 
there is a modera te loss of tensile 
strength on cool ing; UTS measured at 
300°C (572°F) decreased f r o m an aver
age of 215 MPa (31.2 ksi) o n heating to 
171 MPa (24.8 ksi) on cool ing. The UTS of 
this alloy decreased to 81 MPa (11.7 ksi) 
at 500°C and the ho ld t ime of 1 s at 
500°C had little ef fect o n the measured 
UTS at 500°C O C and O H . The hot 
ducti l i ty response of the A l -Mg alloy is 
s h o w n in Fig. 2. The ducti l i ty of this alloy 
increased to a max imum of 85% RA, 
measured at 500°C , and no ducti l i ty dip 
was observed . Ductilit ies measured on 
cool ing w e r e greater than those mea
sured o n heat ing for all test tempera
tures, a l though the data for 500°C O H 

Table 2—Mechanical Properties of Alloys 
Used in This Investigation 

UTS YS % Elong. 
Alloy MPa (ksi) MPa (ksi) (in 25 mm) 

Al-Mg-Li 413 (60) 251 (51) 12 
(Ref. 42) 

Al-Mg 290 (42) 145 (21) 22 
(Ref. 43) 

and O C w e r e virtually identical. 
The results of hot ducti l i ty tests o n the 

Al-Mg-Li alloy are s h o w n in Figs. 3 and 4. 
The results s h o w n in Fig. 3 indicate that 
there is little d i f ference in the on-heat ing 
and on-coo l ing hot tensile strengths of 
this alloy. The min imum measured hot 
tensile strength o f the Al-Mg-Li alloy, 34 
MPa (4.9 ksi), was observed at 500°C. 
The 1 s ho ld t ime at 5 0 0 ° C had little 
ef fect on UTS. 

The hot ducti l i ty response of the Al -
Mg-Li alloy is shown in Fig. 4. The maxi
m u m hot ducti l i ty was observed at 
450°C (842°F) for on-heat ing and on -
cool ing tests. At temperatures of 400°C, 
ductilities measured on cool ing w e r e 
approximately 10 to 15% less than those 
measured on heating. At 300°C (572°F), 
the average ductilities for on-heat ing and 
on-cool ing tests w e r e nearly identical. 
Tests pe r f o rmed at 500°C , h o w e v e r , 
p roduced inconsistent results. T w o tests 
pe r fo rmed on heating p roduced dispar
ate ductilities, 14% RA and 56% RA, at 
nearly identical tensile strengths, 33 MPa 

Fig. I — Hot ductility testing results for Al-Mg alloy, on heating (OH) and 
on cooling-slow cooling rate (OC-S), UTS versus temperature 

200 250 300 350 400 450 500 550 600 

Fig. 2 —Hot ductility testing results for Al-Mg alloy, % RA versus 
temperature 

W E L D I N G RESEARCH SUPPLEMENT I 255-s 



o u 

200 

-150 
CL 

CO 

3100 

50 

A 

o ^ \ " 

• \ o \ 

**. 

o OH — 

A oc-s 

^ • A 

200 250 300 350 400 450 500 550 BOO 

Fig. 3 —Hot ductility testing results for Al-Mg-Li alloy, UTS versus 
temperature 
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Fig. 4 —Hot ductility testing results for Al-Mg-Li alloy, % RA versus 
temperature 

(4.8 ksi) and 34 MPa (4.9 ksi). Two tests 
performed on cooling at 500°C pro
duced ductilities of 71% RA and 41% RA 
and tensile strengths of 36 MPa (5.2 ksi) 
and 44 MPa (6.4 ksi). 

The effect of cooling rate on hot-
ductility test results for the Al-Mg alloy is 
shown in Figs. 5 and 6. The on-cooling 
hot tensile strength of this alloy was 
increased slightly by the higher HAZ cool
ing rate (Fig. 5); the tensile ductility of the 
Al-Mg alloy was virtually unaffected, 
except for a slight dip at 450°C, by the 
increased HAZ cooling rate —Fig. 6. In 
contrast to the results for the Al-Mg alloy, 
the hot tensile strength of the Ai-Mg-Li 
alloy was decreased slightly, but only at a 
test temperature of 400°C (752°F), by 
the two-fold increase in HAZ cooling 
rate —Fig. 7. The on-cooling ductility 
results for the Al-Mg-Li alloy, shown in 
Fig. 8, showed a slightly better ductility 
recovery for the lower cooling rate. 
Additional on-cooling tests were also per
formed at 500°C. While there was no 

change in cooling rate at this tempera
ture, the average ductility measured in 
three tests, 33.8% RA, was somewhat 
less than that reported for the two previ
ous tests, 55.8% RA. If the results of these 
two test populations are averaged, an 
average ductility of 42.6% RA results. The 
average UTS for the second population 
of 500°C tests, 37 MPa (5.4 ksi), was 
approximately equal to that reported for 
the earlier tests. 

Metallography 

The microstructure of the Al-Mg alloy, 
in the as-received condition, is shown in 
Fig. 9A; the as-received microstructure of 
the Al-Mg-Li alloy is shown in Fig. 9B. The 
grain boundaries of the Al-Mg-Li alloy are 
readily visible; this is the result of decora
tion by oxides from prior powder pro
cessing. The microstructure near the frac
ture surface of a specimen tested on-
cooling at 500°C (44 MPa, 4 1 % RA) is 
shown in Fig. 10. The primary fracture 

path appears to be intergranular and 
largely perpendicular to the tensile axis. 
There are also a number of secondary 
cracks evident in Fig. 10. The secondary 
cracks appear to propagate both inter-
granularly and transgranularly, parallel to 
the tensile axis. Intergranular crack initia
tion was detected at a maximum distance 
of 2 mm (0.08 in.) from the fracture 
surface. 

SEM Fractography 

Fractographs of an Al-Mg-Li specimen 
tested at 500°C on cooling (22 MPa UTS, 
10% RA) are shown in Figs. 11 and 12. 
Figure 11 shows the general appearance 
of the fracture surface of this specimen; 
the small region in the center is indicative 
of localized melting. Figure 12, at the 
same magnification as Fig. 11 (1000X), 
shows a significantly larger area of local
ized melting. A fractograph of a second 
specimen, tested under identical condi
tions, is shown in Fig. 13. This specimen 
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Fig. 5 —On-cooling results at two different cooling rates, 66°C/s 
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Fig. 8 — On-cooling results at different cooling rates for Al-Mg-Li alloy, % 
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Fig. 10-Photomicrograph of Al-Mg-Li tested at 500°C OC, molybdic 
acid etch, 100X 

Fig. 9 —A —Photomicrograph of Al-Mg alloy in the as-received condi
tion, 1% HE etch, 200X; B - photomicrograph of Al-Mg-Li alloy in the 
as-received condition, molybdic acid etch, 200X 
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500 OC, 10% RA, 22 MPa 500 OC, 10% RA, 22 MPa 

Fig. 11-SEM fractograph of Al-Mg-Li tested on cooling at 500°C, Fig. 12 - SEM fractograph of Al-Mg-Li tested on cooling at 500°C. Area 
1000X in center is indicative of localized melting, 1000X 

Fig. 13—SEM fractograph of a second Al-Mg-Li specimen tested on Fig. 14—SEM fractograph of Al-Mg-Li tested on heating at 500°C, 
cooling at 500°C showing no evidence of localized melting, 1000X 10OOX 
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exhibited a slightly higher UTS (31 MPa) 
and dramatically improved ductility (71% 
RA), and no evidence of melting was 
found on the fracture surface. 

A fractograph of an Al-Mg-Li specimen 
tested at 500°C on heating (33 MPa, 14% 
RA) is shown in Fig. 14; the thermal 
activation resulting from the 50°C/s 
heating rate was apparently insufficient 
to cause recrystallization. The directional 
structure apparent in this fractograph is a 
remnant of the original mechanical pro
cessing of this material and appears to be 
coupled to low-ductility results. In some 
cases, this directionality was only partially 
eliminated by the 1 s hold time at 500°C, 
as evidenced by the fracture appearance 
and relatively low ductility of the 500°C 
OC specimen shown in Fig. 11; only 
partial recrystallization appears to have 
occurred in this specimen. Specimens 
tested on cooling which exhibited rela
tively high ductilities were fully recrystal
lized and showed no directionality on the 
fracture surface (Fig. 13). While the pri
mary fracture mode of the specimen 
shown in Fig. 13 was not clearly inter
granular, there was evidence of inter
granular secondary cracks. As shown in 
Fig. 15, specimens tested at 450°C on 
cooling appear to be fully recrystallized 
and exhibit a transgranular fracture mode 
similar in appearance to that of high-
ductility Al-Mg specimens. 

The fracture surface of Al-Mg speci
mens tested at 500°C on cooling (81 
MPa, 85% RA), shown in Fig. 16, exhibited 
a dimpled rupture appearance. This is in 
strong contrast with the ductile tearing 
and intergranular secondary cracking evi
denced in the high-ductility Al-Mg-Li 
specimens tested at 500°C OC. Howev
er, Al-Mg-Li tested at 450°C OC, which 
had fully recrystallized prior to straining, 
exhibited some regions of dimpled rup
ture similar to that exhibited in ductile 
Al-Mg specimens. 

Discussion 

The measured NST of the Al-Mg alloy, 
560°C (1040°F), is in excellent agreement 
with previous work by Lippold (Ref. 35). 
In an investigation of the weld hot-crack
ing susceptibility of aluminum Alloy 5083, 
Lippold indicated that no hot cracking 
occurred at distances greater than 0.5 
mm (0.020 in.) from the fusion line. Based 
on Lippold's measurements of HAZ tem
peratures, the peak temperature at 0.5 
mm from the weld fusion line can be 
estimated as 560°C; this was judged to 
be the extent of the partially melted 
region of the HAZ. 

The NST of the Al-Mg-Li alloy was 
540°C (1004°F), 20°C (36°F) less than 
that of the Al-Mg alloy. In order to 
examine the relative importance of the 
measured nil-strength temperature, it is 
instructive to examine the equilibrium 
solidus temperature of the two alloys. 
The equilibrium liquidus and solidus tem
peratures of the Al-Mg alloy can be 
estimated directly from the Al-Mg binary 
phase diagram (Fig. 17) as 637°C (1179°F) 
and 590°C (1094°F), respectively. The 
equilibrium liquidus and solidus tempera
tures of the AI-4Mg-2Li alloy can be 
estimated using the data of Schurmann 
and Voss (Ref. 46). The liquidus of the 
lithium-containing alloy (88.5 at.-% AI-4.1 
at.-% Mg-7.4 at.-% Li) can be estimated 
from the Al-Mg-Li ternary diagram (Fig. 
18) as approximately 640°C (1184°F). 
While the Al-Mg-Li ternary diagram 
shown in Fig. 18 does not contain solidus 
surfaces, Schurmann and Voss (Ref. 46) 
did report an AI-Mg-5 at.-% Li pseudo-
binary diagram. From these data, the 
equilibrium solidus temperature of the 
AI-4Mg-2Li alloy can be estimated as 
490°C (914°F). This is in good agreement 
with the temperature at which the on-
heating ductility dip and on-cooling local
ized melting were observed, 500°C. 

These temperature estimates suggest that 
the partially melted region of the Al-Mg-Li 
HAZ would extend from the 640°C 
(equilibrium liquidus) isotherm to the 
490°C (equilibrium solidus) isotherm, a T 
of 150°C. The partially melted region of 
the Al-Mg alloy HAZ would extend from 
the 637°C (1148°F) (equilibrium liquidus) 
isotherm to the 560°C (NST) isotherm, a 
T of 77°C. For similar physical properties 
in both alloys, the width of the partially 
melted region in the Al-Mg-Li alloy would 
be approximately 100% greater than that 
of the Al-Mg alloy. 

The relative hot-tensile strengths of the 
Al-Mg and Al-Mg-Li alloys can be better 
compared if the tensile data are graphed 
as a strength ratio ( U T S 0 C / U T S 0 H ) versus 
homologous strain temperature (T/NST 
in K). The strength-ratio graph, shown in 
Fig. 19, shows that the Al-Mg alloy under
goes a reduction in UTS as a result of HAZ 
simulation, i.e., the strength ratio is <1.0 
for all test temperatures with a minimum 
of 0.72 occurring at 400°C. The Al-Mg-Li 
alloy undergoes a slight increase in UTS; 
the strength ratio is >1.0 for all test 
temperatures. The difference in strength 
ratio for the two alloys, although not 
large in magnitude, reflects the difference 
in strengthening mechanisms. The slight 
increase in UTS of the AL-Mg-Li alloy 
probably results from the effects of solu-
tionizing-and-reprecipitation. Fractogra-
phy results for the Al-Mg-Li alloy indicate 
that recrystallization had a strong effect 
on ductility but little effect on UTS. In 
contrast, recrystallization in the Al-Mg 
alloy appears to have resulted in a mea
surable decrease in UTS. 

A graph of ductility ratio (RACK/RAOH) 
versus homologous strain temperature 
for both alloys is shown in Fig. 20. The 
ductility ratio of the Al-Mg alloy 
decreases with increasing test tempera
ture but remains >1.0 for all tempera
tures. This indicates that the ductility of 
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the Al-Mg alloy is increased by HAZ 
simulation in agreement with the pro
posed recrystallization softening mecha
nism. The ductility ratio of the Al-Mg-Li 
alloy decreases somewhat with increas
ing test temperature and is <1.0 for 
homologous strain temperatures <0.9. 
The ductility ratio at a homologous strain 
temperature of 0.95 is artificially high as a 
result of the low OH ductility of the alloy 
at 500°C. As the homologous strain tem
perature increases from 0.7 to 0.83, the 
strength ratio of the Al-Mg-Li alloy 
remains approximately constant (1.12 to 
1.10), while the ductility ratio decreases 
slightly (0.94 to 0.83). 

If one assumes the criteria summarized 
by Kreischer (Ref. 30) are true and appli
cable to aluminum alloys, the following 
can be stated: 

1) The Al-Mg-Li alloy maintains a rela
tively high tensile strength (high strength 
ratio) at elevated temperatures. 

2) The Al-Mg-Li alloy exhibits moder
ate ductility recovery (minimum ductility 
ratio = 0.83 at 300°C) on cooling from a 
peak temperature of 500°C. 

3) The relative strength ratios (>1.0) 
and ductility ratios (>0.83), of the Al-
Mg-Li alloy appear to be more favorable 
than those of the Al-Mg alloy (strength 
ratio <0.72, ductility ratio >1.0) accord
ing to the criteria suggested by Kreis
cher. 

4) The variation in HAZ cooling rates 
examined in this study produced only 
slight changes in strength and ductility 
ratios and therefore does not appear to 
affect the cracking susceptibility of the 
Al-Mg or Al-Mg-Li alloys. 

There are several obvious shortcom
ings associated with this analysis: The lack 
of a truly representative weld HAZ ther
mal cycle, the use of a peak temperature 
lower than the NST, the comparison of a 
commercial-purity alloy (Al-Mg) with a 
high-purity ternary alloy (Al-Mg-Li), and 
the risk of using criteria developed from 

hot-ductility testing of iron- and nickel-
base alloys to evaluate aluminum alloys. 
The limited scope of the present investi
gation and the lack of a better database 
for aluminum alloys preclude a simple 
response to these shortcomings. Howev
er, based on the results of comparative 
hot-ductility tests, and on previous labo
ratory and fabrication experience with 
Al-Mg alloys, it can be suggested that the 
addition of Li to AI-4Mg alloys does not 
appear to increase, markedly, the HAZ 
hot cracking susceptibility. However, the 
possibility of a relatively large partially 
melted region for the Al-Mg-Li alloy sug
gests that the weldability of these 
materials, as with most engineering alloys, 
may be sensitive to solidification range. 
Additionally, the effect of insolubles and 
other impurities on the NST and ductility 
dip of Al-Mg-Li alloys may have strong 
implications for HAZ cracking susceptibili
ty. Further work in this area should entail 
the following: 1) The hot ductility evalua
tion of aluminum alloys for which there is 
considerable fabrication experience, and 
2) side-by-side direct weldability testing 
of commercial-purity Al-Mg and Al-Mg-Li 
alloys. 

Conclusions 

1) Using criteria designed for nickel-
and iron-base alloys, the HAZ hot crack
ing susceptibility of AI-4Mg-2Li alloys 
appears to be similar to that of a com
mercial AI-4Mg (5083) alloy. 

2) Excellent agreement was obtained 
between the nil-strength temperature 
measured for the AI-4Mg alloy and the 
extent of the partially melted region 
observed by previous investigators in 
direct weldability testing. 

3) The nil-strength temperature of the 
AI-4Mg-2Li alloy was 20°C less than that 
of the AI-4Mg alloy. The lower nil-
strength temperature and the 500°C 
ductility dip observed for the Al-4Mg-2Li 

alloy reflect the lower equilibrium solidus 
temperature of the lithium-containing 
alloy (490°C for the Al-4Mg-2Li alloy 
versus 560°C for the AI-4Mg alloy). 

4) The use of strength and ductility 
ratios, as related to homologous strain 
temperature, is a useful system for evalu
ating the hot ductility response of engi
neering alloys. 
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