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ABSTRACT

AA2219 aluminium alloy joints without filler metal addition were produced using electron beam welding (EBW) 
process. Microstructure characteristics, tensile properties, fatigue strength and fatigue crack growth resistance 
of the welds were evaluated and presented in this paper..
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INTRODUCTION

Aluminium alloy 2219 (Al-Cu-Mn ternary 
a llo y ) has e x c e lle n t  c ry o g e n ic  
properties. I t  has a unique combination 
of properties such as good weldability 
and high strength to weight ratio. The  
preferred welding processes for AA2219 
aluminium alloy are gas metal arc 
welding (GMAW) and gas tungsten arc 
w e ld in g  (G T A W ) d u e  to  th e ir  
comparatively easier applicability and 
better economy [1], Plasma arc welding 
(PAW) with electrode positive and high 
welding current allows aluminium  
components to be joined economically 
with an excellent weld quality [2 ]. In  
comparison with the electric arcs, the  
electron beam is characterized by a 
higher power density and thus permits 
the single pass welding o f square butt 
joints with thickness up to appro
ximately 8 mm in the fiat position at 
welding speeds up to more than 1 
m/min. Electron beam welds of most of

th e  w eldable  m aterials including  
alum inium  alloys exhib it superior 
mechanical properties compared to the 
welds made using GTAW [3].

Though AA2219 has got an edge over its 
6000 and 7000 series counterparts in 
terms of weldability, it also suffers from 
poor as welded joint strength[4].

The gap between strength values of the 
base metal and weld metal, particularly 
yield strength values, is significantly 
large, forcing the design engineers to 
use thicker base metal plates, which in 
turn increases the total weight of the 
structure. This fact is of concern in 
aerospace applications because, use of 
thicker plates due to low yield strength of 
the weld metal results in lowering of the 
payload [5]. Hence, an attempt was 
m ade to eva luate  m icrostructure  
characteristics, tensile properties and 
fatigue properties of electron beam  
welded 12 mm thick AA2219 aluminium  
alloy plates and the results are presented

in this paper.

EXPERIMENTAL WORK

Plates of AA2219-T87 aluminium alloy of 
thickness 12 mm were cut to the 
required dimensions (300 mm x 150 mm 
x 12 mm) and machined. Table 1 
presents the chemical composition and 
mechanical properties of base metal. 
Square butt joint configuration, as 
shown in Rg. la , was prepared to 
produce electron beam (EB) welded 
joints. The initial joint configuration was 
obtained by securing the plates in 
position using tack welding. All 
necessary care was taken to avoid joint 
distortion and the joints were made after 
clamping the plates with suitable 
clamps. EB welds were produced using 
an electron beam welding machine 
(Techm eta, France) with 100 kV 
capacity. The welding conditions and 
process parameters used to fabricate 
the joints are presented in Table 2.
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M e ta llo g ra p h ic  spec im en s  w e re  
sectioned to tlie required sizes from tine 
joint comprising weid metal, HAZ and 
base metal regions and were polished 
using different grades of emery papers. 
Rnai polisliing was done using tlie  
diamond compound (1 m particle size) in 
ttie disc polishing machine. IMicro- 
structural examination was carried out 
using a light optical microscope (Make: 
U n io n  O p tic a l, J a p a n ; M o d e l:  
VERSAMET-3) incorporated with an 
image analyzing software (Clemex- 
Vislon). Specimens were etched with 
Kellers reagent to reveal the micro
structure. As most of the joints failed in 
the weld metal, this part of the joint was 
examined using transmission electron 
microscope (TEM; Make; PHILIPS, 
Model: CM20). Vicker's microhardness 
testing machine (Make: Matzusawa, 
Japan, Model: MMT-X7) was employed 
for measuring the hardness across the 
jo intwithO.Skgload.

Transverse tensile specimens were  
prepared as shown in Fig. 1 as per 
American Society for Testing of Materials 
(ASTM) E8M-2004. Smooth (unnotched) 
tensile specimen (Fig. lb ), was prepared 
and tensile tests were conducted to 
determine the tensile properties of the  
base metal and the weld joints Notch 
tensile specimen (Fig. Ic ), was prepared 
and tested to estimate notch tensile 
strength and notch strength ratio. These 
tests were carried out in 100 kN, electro
mechanical controlled Universal Testing 
Machine. The specimen was loaded at 
the rate of 1.5 kN/min as per ASTM 
specifications. The 0 .2%  offset yield 
strength was derived from the load - 
elongation diagram.

Hourglass type (smooth) specimens 
were prepared as shown in Fig. 1(b) 
from weld joints in the transverse 
direction to evaluate the fatigue life (S-N 
behaviour).

Notched specimens were also prepared 
as shown in Fig. 1(c) from weld joints to 
evaluate the fatigue notch fector and 
notch sensitivity factor. The fatigue 
testing experiments were conducted at 
different stress levels and all the 
experiments were conducted under 
uniaxial tensile loading condition (stress 
ratio =  0) using servo hydraulic fatigue 
testing machine (Make: INSTRON, UK; 
Model:8801). At each condition, five 
specimens were tested and the test 
results are used to plot S-N curves.

Centre Cracked Tension (CCT) fatigue 
crack growth test specimen were  
prepared to the dimensions as shown in 
Fig. 1(d). The slices derived from the 
single pass welded joints were reduced 
to a thickness of 8 mm by shaping and 
grinding processes to obtain flat and 
required surface roughness. Then the 
sharp notch was machined in the weld 
region to the required length using the 
wire cut electric-discharge machine 
(EDM). Procedures prescribed by the 
ASTM E647-04 standard were followed 
for the preparation of the specimens. 
Fatigue crack growth experiments were 
conducted using the same machine that 
was used for fatigue tests with a 
frequency of 10 Hz under constant 
amplitude loading (R= stress ratio =  

=  0). Fatigue crack growth 
experiments were carried out at four 
different stress levels (25 MPa, 50 MPa, 
75 MPa and 100 MPa). Before loading, 
the specimen surface was polished using 
m e ta llo g ra p h ic  p ro c ed u re s  and  
illuminated suitably to enable the crack 
growth m easurement. A traveling  
microscope, incorporated with a web 
camera and video output, was used to 
monitor the crack growth with an 
accuracy o f 0 .0 1  m m . In  th is  
investigation, the applied stress cycle 
was in the tensile mode (the minimum 
stress was kept at zero) as the

compressive mode usually closes the 
fatigue crack.

RESULTS AND DISCUSSION

Microstructure

Microstructures of the weld base metal 
and the weld metal as revealed by TEM 
are shown in Rg.2. The dislocation cell 
structure seen at higher magnification is 
s h o w n  in F ig . 3 . F rom  th e  
microstructures shown in Rg 2, the 
following inferences can be obtained:

(i) There Is appreciable difference In 
the distribution and size of 
precipitates (CuAI2) between base 
metal and weld joints (Fig. 2);

(il) Precipitate fraction is less in ttie 
weld region (Fig. 2b) than base 
metal (Fig. 2a) because the  
precipitates dissolve due to welding 
heat;

(ili) The base metal contains very 
closely spaced, dense dislocation 
cell structure Rg. 3a) and this may 
be due to the prior metal working 
operations carried out on the 
material.

(iv) In  the weld region (Rg. 3b) the 
dislocation cell structure is not seen 
because of melting and subsequent 
solidification of this zone

Microhardness

Appreciable difference in microstructure 
was obtained on the top surface and 
cross sectional direction of welded joints 
and hence hardness was measured on 
the top surface and cross section of the 
welded joints. During the micro
structure analysis it was observed that 
the interface region of base metal and 
weld metal consist of very narrow heat 
affected zone (HAZ). Within the narrow 
HAZ, tw o  distinct regions w ere
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observed. They are: (i) Fine grained HAZ 
(FGHAZ-just adjacent to the weld metal 
region) and (ii) Coarse grained HAZ 
(CGHAZ-very close to the base metal 
region). Hence, the micro-hardness was 
measured at four different locations 
(Fig. 4 ). They are: (I) weld metal (W M ),
(ii) FGHA2 (iii) CGHAZ and (iv) 
Unaffected Base Metal (BM). At each of 
these regions, three readings were 
taken and average of three readings is 
presented in Table 4.

Hardness o f the base metal In its initial 
T87 condition is approximately 140 Hv 
and the hardness of the weld metal is 
105 Hv. The base metal contains closely 
spaced, dense dislocation cell structure 
and this is because of prior worlc 
hardening carried out on the material to 
attain T87 condition. Both in the weld 
metal and HAZ, work hardening effect is 
lost and the precipitates dissolve and 
this leads to reduction in hardness.

Hardness is relatively higher in the 
FGHAZ region than WM and this may be 
due to the fonnation o f very fine 
recrystallised grains in that region. 
Hardness of the weld top surface also 
showed similar trend but there is a , 
reduction of approximately 5-10 Hv 
compared to cross sectional hardness. 
This may be largely due to the presence 
of coarse and elongated grains at the  
top surface of the welds. Coarse and 
elongated grains generally will have less 
grain boundary area compared to fine 
grains and subsequently will show less 
resistance to indentation or plastic 
deformation [6].

Tensile Properties

The transverse tensile properties such 
as yield strengtii, tensile strength, 
percentage of elongation, percentage of 
reduction in cross sectional area, notch 
tensile strength, notch strength ratio 
and joint efficiency of base metal and

welded joint are presented in Table 5. In  
each condition, three specimens were 
tested and the average of three results is 
presented in Table 5. Fracture of the 
specimens occurred in the weld region, 
indicating strength of the joint is less 
than that of the base metal. The yield 
strength and tensile strength o f 
unwelded parent metal are 390 MPa and 
470 MPa respectively. The elongation and 
reduction in c.s.a. of unwelded parent 
metal are 15%  and 10,5%  respectively. I t  
is c lear from  th e  Table 5 th a t  
corresponding values estimated from the 
tensile tests conducted on the tranversed 
weld joint specimens are lower than that 
obtained for the base metal confirming 
weld joint is weaker than the base metal.

The notch tensile strength of unwelded 
parent metal is 437 MPa. But the notch 
tensile strength of as welded (AW) jo int is 
319 MPa. This reveals that the reduction 
in NTS is approximately 30%  due to EB 
w e ld in g . A n o th e r  n o tch  te n s ile  
parameter, NSR is found to be less than 
unity (< 1 )  for unwelded, parent metal of 
AA2219 aluminium alloy. This suggests 
that the AA2219 alloy is sensitive to 
notches and they fall into the 'notch 
brittie materials' category. The NSR is
0.93 for unwelded parent metal but it is 
1.16 for the as welded joints. From the 
above results, it is very clear that tensile 
properties of the EB weld joints are 
inferior to that o f ttie base metal. I t  is also 
evident from th<j hardness of the weld 
metal and the base metal.

The size and distribution o f CuAlj 
precipitates play a major role In deciding 
the tensile properties and hardness of the  
EB welds of AA2219 alloy [7 ]. From the  
microstructural analysis it is observed 
that the welded joint Invariably consist of 
very fine, equiaxed grains. There Is no 
evidence of any dendritic solidification. 
This is mainly due to the very high

solidification rates associated with 
electron beam welding. Fine evenly 
distributed CuAlj precipitates are tine 
reason for high strength of AA2219 base 
m a te r ia l .  T h e s e  s tre n g th e n in g  
precipitates form due to the solution 
treatment and subsequent artificial 
a g in g . D u rin g  w e ld in g , th e s e  
precipitates dissolve and the weld metal 
should be left devoid of any precipitates. 
However, due to the high heating and 
cooling rates involved in welding [8] not 
all o f them get dissolved and few of 
them survive in a fine needle shaped 
precipitates throughout the matrix. 
Further, after welding, joint cools in air 
and during this cooling, it is possible that 
some natural ageing of the alloy takes 
place. This is in contrast with the cooling 
by quenching in cold water during the 
solution annealing treatment. Hence 
natural ageing of the weld joint could 
also be one of the reasons for the fine 
precipitates observed in the weld metal 
in the as-welded condition.

S-N Behaviour

Fig.5 shows the fatigue life of unnotched 
and notched specimens in the form of S- 
N curves. When comparing the fatigue 
strength of different welded joints 
subjected to similar loading, it is 
convenient to express fatigue strength 
in terms of the stresses corresponding 
to particular lives, for example 10^ 10' 
and 10  ̂cycles on the mean S-N curve. 
The choice of reference life is quite 
arbitrary. Traditionally, 2 x 10‘ cycles has 
been used, and Indeed some design 
codes refer to their S-N curves in terms 
of the corresponding stress range [9]. 
For these reasons, in this investigation, 
fatigue strength of welded joints at 2 x 
10' cycles was taken as a basis for 
comparison. The stress corresponding 
to 2x10' cycles was taken as the 
endurance limit. The endurance limit 
evaluated for the base metal and welded
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joint are presented in Table 6.

The effect of notches on fatigue strength 
is determined by comparing the S-N 
curves of notched and unnotched 
specimens. The data for notched 
specimens are usually plotted in terms of 
nominal stress based on the net cross 
sectio n  o f th e  s p ec im e n . T h e  
effectiveness of the notch in decreasing 
the fatigue limit is expressed by the 
fatigue strength reduction factor or 
fatigue notch factor, K,. The fatigue 
notch factor for the base metal and 
welded joint was evaluated using the 
following expression [10] and they are 
given in Table 6.

K, = Fatigue limit of unnotched 
specimen / Fatigue limit of 
notched specimen (1)

The notch sensitivity of a material in 
fatigue is expressed by a notch sensi
tivity factor 'q' and 'q' can be evaluated 
using tiie following expression [10]

q = (K f-l)/(K t-l)  (2 )

where K, is the theoretical stress 
concentration factor and is the ratio of 
maximum stress to nominal stress. Using 
the above expression fatigue notch 
sensitivity factor 'q' was evaluated for 
base metal and welded joint and they are 
presented in Table 6.

The fatigue strength o f the base metal, 
AA2219 aluminium alloy is 200 MPa. But 
the fatigue strength of as-welded (AW) 
joint is 150 f^Pa. This indicates that there 
is a 25%  reduction in fatigue strength 
joints from that of the base metal. 
Fatigue notch factor of unwelded 
AA2219 aluminium alloy is 1.82; but the 
fatigue notch factor of as welded (AW) 
joint is 2.73. This indicates that there is a 
50%  increase in fatigue notch factor 
value for the joints. Similar trend was 
observed in notch sensitivity factor 
values also since it was derived using

fatigue notch factor values. Generally, if 
the fatigue notch factor is lower, then the 
fatigue life o f the joints will be higher and 
vice versa.

Fatigue Crack Growth Behaviour

The measured variation in crack length 
(2a) and the corresponding number of 
cycles (N) endured under the action of 
particular applied stress range are 
plotted as shown In Rg.6 for base metal 
and w elded jo in t. The  frac tu re  
mechanics, based Paris Power equation
[11] given below, was used to analyze 
the experimental results.

da/dN = C(AK)'" (3)

where, da/dN - crack growth rate, AK
- stress intensity factor (S li^  range, 'C‘ 
and 'm 'are  constants.

The SIF value was calculated for 
different values of growing fatigue crack 
length '2a' using the following expression
[12]

AK= { 0 )(A a)V / la ( 4 )

However, the geometry factor 'O ' for the 
CCT specimen was calculated using the 
expression given below [12]

0  =  F ( a )  =  s e c < (a )/2 >  (5)

W h erea  =  a/W

The crack growth rate, da/dN for the 
propagation stage was calculated for the 
steady state growth regime, at different 
intervals of crack length increment. The 
relationship between SIF range and the 
corresponding crack growth rate in terms 
of best fit lines is shown in Rg. 7. The 
data points plotted in the graph mostly 
correspond to the second stage of Paris 
sigmoidal relationship (lO"* to 10’̂  
mm/cycle). The exponent'm ', which is 
the slope of the line on log-log plot and 
the intercept 'C  of the line was 
determined and they are presented in 
Table 7. When the crack growth rate Is

around 10'  ̂mm/cycle, the curve tends to 
become parallel to the Y-axis and the 
corresponding AK value is taken as 
critical SIF range (AK^). At lower values 
of AK, around 10’® mm/cycle, the curve 
again becomes parallel to the Y-axis, 
indicating a threshold SIF (AKJ below 
which a crack may not propagate. The 
values of AKcr and AKth for base metal 
and welded joint were evaluated and are 
presented in Table 7.

The crack growth exponent'm ', which 
was derived from the relationship 
existing between crack growth rate 
(da/dN) and SIF range, is an important 
parameter to evaluate the fatigue crack 
growth resistance of materials since it 
decides the fatigue crack propagation 
life of the materials. This exponent was 
obtained from the slope of the curve 
drawn between da/dN and SIF range. I f  
this exponent is lower, then slope of the 
curve Is lower and that indicates the 
resistance offered by the material to the 
growing (Btigue crack is higher and 
hence the fatigu*> life will be longer. I f  
this exponent is laiger, then slope of the 
curve is higher and that explains the 
resistance offered by the material to the 
growing fatigue crack is lower and hence 
the fatigue life will be shorter [13]. H ie  
fatigue crack growth exponent of 
/\A2219 aluminium alloy is 2.79. But the 
fatigue crack growth exponent of as 
welded (AW) joint is 4.10. Ttils indicates 
that there Is a 45%  increase In fatigue 
crack growth exponent value due to EB 
welding.

From the fatigue test results (Table 6) 
and the fatigue crack growth test results 
(Table 7), It Is found that the weld joint 
exhibited lower fetigue performance 
compared to base metal. Reasons for 
the Inferior fatigue performance of the 
weld joint are: (i) Inferior tensile 
properties of the welded joint and (|i)
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microstructural changes in the joint 
region (iii) unfavorable residual stress 
pattern in the weld region. Mechanical 
properties (yield strength, tensile  
strength and elongation) of welded joint 
are inferior to those of base metal (see 
Table 5). Lower yield strength and 
tensile strength of the weld jo int greatly 
reduce the endurance limit of weld and 
hence the fatigue crack initiation is fast. 
Lower elongation (lower ductility) o f the  
welded joint reduces resistance to 
fatigue crack propagation and hence 
f a t ig u e  c ra c k  g ro w th  r a te  is 
comparatively faster. The combined 
effect of lower yield strength and lower 
ductility of the welded joint offered less 
resistance to crack initiation and crack 
propagation and hence the fatigue 
performance of the welded is inferior 
compared to base metal.

In  the CCT specimen, the notch is 
machined in the weld region of EB 
welded joints by wire cut EDM (electric 
discharge m achining) process to  
evaluate the crack growth behaviour of 
the weld region under fatigue loading. 
The fatigue crack initiates from the tip of 
the machined notch and it grows in the  
weld region until final fracture takes 
place and hence the weld region 
microstructure will have an influence on 
fatigue performance of the joints. 
Uniformly distributed, very fine particles 
might have impeded the growing fatigue 
cracks and hence the fatigue crack 
growth rate has been delayed (Donnelly 
and Nelson, 2002) and subsequently the  
resistance to  th e  fa tig u e  crack  
propagation has been enhanced  
compared to weld joint. The weld joint 
contains very few precipitates and the  
predpitate free zone is larger. This 
reduces the resistance of the weld 
against fatigue crack growth.

The magnitude of residual stress in the

weld region is usually tensile. The tensile 
residual stress will accelerate the  
growing fatigue cracks. But the base 
metal, which was made by rolling 
method, usually contains compressive 
residual stress field. The compressive 
residual stress will decelerate the  
growing fatigue cracks [15]. This may be 
the one of the reasons for the inferior 
fatigue performance of welded joint.

CONCLUSIONS

a) The tensile strength and fatigue 
crack growth resistance of AA2219 
alum in ium  alloy are  g rea tly  
deteriorated by electron beam  
welding process.

b) Electron beam welded jo ints  
exhibited a reduction of 40%  in 
tensile strength and 25%  in fatigue 
strength compared to the base 
metal.

c) The formation of finer grains, 
partial dissolution of precipitates, 
disruption o f dislocation cell 
structure, higher magnitude of 
tensile residual stress field at the  
weld region are the main reasons 
fo r in fe rio r m echanical and  
metallurgical properties of electron 
beam welded joints compared to 
the base metal. ■
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Table 1: Chemical composition Cwt%) of base metal

Type of 
Material Cu Mn Fe Zr V Si Ti Zn Al

Base Metal 
(AA 2219-T87) 6.33 0.34 0.13 0.12 0.07 0.06 0.04 0.02 Bal

Table 2 : Mechanical properties of base metal

Yield Ultimate Elongation Reduction Vickers
Strength Tensil (% ) in cross Hardness

(MPa) Strength sectional (0.05 kg)
(MPa) area (% ) VHN

390 470 15 10.5 140

Table 3 : Welding conditions and process parameters for EBW process

Parameter Value

Current :: 51 mA

Voltage :: 50 kV

Speed :: 16 mm/sec

Gun to work distance 298 mm

Vacuum :: 10̂  bar
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T a b le  4  : Hardness o f d iffe re n t  reg ions o f  th e  w e !d  jo in t

Locations W M FGHAZ CG HAZ BM

Cross-section 105 115 110 140

Top surface 100 110 105 134

T a b le s  : T ran sv e rs e  te n s ile  p ro p e rties  o f  th e  p a re n t m e ta l a n d  w e ld  jo in t

Yield Ultimate Elongation Reduction Notch Notch Joint
strength tensile ( % ) in cross tensile strength Efficiency

(MPa) strength sectional strength ratio ( % )
(MPa) area (% ) (MPa) (NSR)

Base Metal (BM) 390 470 15 10.5 437 0.93 . . .

Welded Joint (AW) 215 275 9.0 6.2 319 1.16 59

T a b le  6  : F a tig u e  p ro p e rties  o f  th e  base  m e ta l an d  w e ld  jo in t

Fatigue limit 
of unnotched 
specimens at 
2 X 10® cycles 

(MPa)

Fatigue limit 
of notch 

specimens at 
2 X 10' cycles 

(MPa)

Fatigue notch 
factor

i K )

Notch sensitivity 
factor

(q)

Base Metal (BM) 200 110 1.82 0.33

Weld Joint (AW) 150 55 2.73 0.69

T a b le  7  : F a tig u e  c rack  g ro w th  p a ra m e te rs

Crack growth Intercept Threshold SIF Critical SIF
exponent ■c range, range, AK«

■m’ (MPa V m ) (MPa Vm )

Base Metal (BM) 2.79 3.-5 X 10® 3.50 35

Weld Joint (AW) 4.10 1.33 X 10^ 3.00 15
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(a ) Dimensions of square butt joint prepared in this invesigation
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(b) Unnotched Tensile /  Fatigue Specimen
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(c) Notched Tensile /  Fatigue Specimen
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(d) Centre Cracked Tensile Specimen

Fig. 1 : Dimensions (in mm) of various test specimens
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(a) Base Metal (b) As Welded (AW) Joint

Fig. 2 : Transmission electron micrographs of base metal and weld region

10 i i in

(a) Base Metal, (b) As Welded (AW) Joint

Fig. 3 : Dislocation cell structure at base metal and weld region

1. Weld metal (W M) region

2. Fine grain HAZ (FGHAZ)

3. Coarse grain HAZ (CGHAZ)

4. Base metal (BM) region

Fig. 4 : Locations of hardness measurement
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Fig.6 : Crack Growth Curves
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Rg.7 : Relationship between da/dN and AK
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