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Abstract: Numerical simulation and experimental methods were used to investigate the effects of weld penetration on tensile
properties of 2219 aluminum alloy tungsten inert gas (TIG) welded joints. The results show that when other geometric parameters are
consistent, within a certain range, the deeper the weld penetration of the capping weld is, the lower the tensile strength of the joint is.
The deeper weld penetration of the capping weld can cause the more concentrated stress at the weld toe and the joint is more likely to
crack accordingly. Based on necessary assumptions, a model for analyzing the mathematical relation between the weld penetration of
the capping weld and the tensile strength of the joint was proposed to validate the experimental results. The decrease of weld
penetration of capping weld can be controlled by decreasing welding current, helium content or increasing welding voltage.
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1 Introduction

The tensile properties of fusion-welded joints are
very critical in complex welded structures and they can
predict whether the welded structures can service safely
and successfully. Lacking of fusion or penetration,
porosities, slag inclusions and cracks are the most
common welding defects that affect the tensile properties
of joints [1]. Insufficient weld penetration can result in
insufficient combination of two components and the
welded joint is prone to fail eventually. However,
increasing weld penetration immoderately also easily
causes the fracture failure due to overheating of the
regions around the weld zone (WZ) [2]. At present,
researches on weld penetration mainly focus on how to
recognize and control the weld penetration [3—5].
However, there are lack of systematic researches on how

the weld penetration affects tensile properties of the
welded joint (i.e. the relationship between the weld
penetration depth and the tensile properties).

In the manufacturing of large launch vehicles, the
tensile properties of some fusion-welded joints are
relatively low and unstable, seriously restricting the
development of launch vehicles in the aerospace and
aviation field. Precipitation-strengthened 2219 aluminum
alloy is the main material for cryogenic fuel tanks and
inter-stage rings of launch vehicles due to its excellent
mechanical properties, weld-ability and stress corrosion
resistance. Therefore, researches on the tensile properties
of 2219 aluminum alloy welded joints have received
extensive attention. There are mainly two methods to
improve the tensile properties of 2219 welded joints. One
is improving the performance of welds by means of
adding refiner to welding wire [6,7], heat-treating
after welding [8,9], increasing the agitation of welding
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pool [10,11], etc. The other is optimizing the geometry of
welds, which involves the regulation of weld
reinforcement [12], weld width, mismatch, angular
distortion [13], etc. However, there are lack of reports on
the regulation of weld penetration in optimizing the
geometry of the weld.

In this work, the effects of weld penetration on the
tensile properties of 2219 aluminum alloy welded joints
were investigated by numerical simulation and
experimental methods. This basic work can provide
guidance for the further engineering practice.

2 Experimental

The base material was 2219-C10S aluminum
alloy plate with the dimensions of 300 mm % 150 mm x
10 mm. C10S involves solution heat-treating and cold
working (the deformation is approximately 10%)
followed by artificial aging [14,15]. The plates were
butt-welded perpendicular to the rolling direction and the
filler metal was ER 2325. Table 1 lists the nominal
chemical compositions of the 2219 aluminum alloy and
the filler metal [16].

Table 1 Chemical compositions of base material and filler
metal (mass fraction, %)

Alloy Si Fe Cu Mn Mg
2219 0.2 0.3 5.8-6.8 0.2-0.4 0.02
2325 - - 6.0-6.8 0.2-0.4 -

Alloy Zn Ti Zr v Al
2219 0.1  0.02-0.10 0.10-0.25 0.05-0.15 Bal.
2325 - 0.1-0.2 - - Bal.

were cut from the joints perpendicular to the welding
direction. After grinding and polishing, the specimens
were etched in Keller reagent for 10—15 s. Macroscopic
metallographic observation was conducted by optical
microscopy (OM), and the specific size measurement
was conducted by Photoshop software. The tensile
specimens were cut perpendicular to the welding
direction according to GB/T 228.1-2010 and the tensile
rate was 2 mm/min in the tensile test.

(a)  Base material (b) Backing weld

AR 1 ]
(©)  First capping weld (d)  Second capping weld

R R

Fig. 1 Schematic illustration of formation of welded joint

The numerical simulation of tensile behaviors of
joints was conducted by finite element analysis software
(ABAQUS/CAE v6.10-1). According to hardness values
and variations of metallographic structure, the profiles of
typical regions of joint from the center to both sides were
determined, which were WZ, partially melted zone
(PMZ), over aged zones (OAZ-1, OAZ-2, OAZ-3,
OAZ-4, respectively). Based on our previous work [17],
the material parameters

of wvarious regions were

determined as listed in Table 2.

Table 2 Material parameters of various regions in joint (stress
and strain are true stress and true strain, respectively)

Elastic limit Hardening Fracturing Maximum

The butt-welded joint was created with a
double-layer or a three-layer weld on one side. The
combination of direct current tungsten inert gas (DCTIG)
arc welding and variable polarity tungsten inert gas
(VPTIG) arc welding is one of the widely used welding
processes in actual aerospace production. We adopted
DCTIG helium-arc welding without a groove and the
filler metal as the first layer, and adopted pulse VPTIG
argon-arc welding with the filler metal as the second and
third layers. Figure 1 shows the schematic illustration of
the formation of a three-layer welded joint, and the
combination of Figs. 1(a—c) represents the formation
process of a double-layer welded joint. Obviously, the
weld penetration of the first capping weld depends on the
welding process parameters of the first capping weld. It
should be noted that the weld penetration of the first
capping weld is mainly concerned in this work. For ease
of description, “the first capping weld” is replaced by
“the capping weld” in the full text.

The specimens used for metallographic observation

Region stress/MPa  exponent strain stress/MPa
Wz 70 0.31 0.22 312
PMZ 110 0.30 0.14 381

OAZ-1 90 0.31 0.32 375

OAZ-2 155 0.26 0.31 435

OAZ-3 220 0.21 0.31 475

OAZ-4 285 0.16 0.31 523

mlzlsgal 349 0.1 0.31 538

3 Results

3.1 Numerical simulation

Six simulation models were calculated. The only
geometric variables are the weld penetration of the
capping weld, which are 1.5, 2.5, 3.5, 4.5, 6.5 and
8.0 mm for the six models, respectively. The other main
geometric parameters of six simulation models are the
same and the specific sizes are shown in Table 3. The
simulation model diagrams are shown in Fig. 2. The
calculated tensile properties are shown in Table 4.
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Table 3 Sizes of other main geometric parameters

Front/ Distance Transition
Front/back between weld  angle of weld
back .
d weld toe and reinforcement
v:ZZth / reinforcement fusion line at weld toe of
height/mm of front/back front/back
mm . .
side/mm side/(°)
20/8 1.85/1 1/0.6 30/45

Table 4 Calculated tensile properties of simulation models
Weld

. Tensile . Cracking  Cracking
penetration Elongation/ .
. strength/ strength/  elongation/
of capping %
MPa MPa %
weld/mm
1.5 317.8 4.91 317.0 391
2.5 316.8 4.80 316.8 3.97
35 316.6 4.70 316.6 4.10
4.5 312.2 4.65 312.2 3.94
6.5 308.8 4.52 307.7 3.92
8.0 303.8 4.40 301.7 3.73

v HX
T A
o HE\
B RS
% B\ /71
o W\ /7B

Fig. 2 Simulation model diagrams with capping weld

penetrations of 1.5 mm (a), 2.5 mm (b), 3.5 mm (c), 4.5 mm (d),
6.5 mm (e) and 8.0 mm (f)

/7 1
i
/7
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3.2 Experiments

Twenty-five joints were subjected to the tensile test
and each weld penetration of joint of the capping weld
was measured. The relationship between the weld
penetration of the capping weld and the tensile properties
is shown in Fig. 3. In general, within a certain range, the
tensile properties decrease as the weld penetration of the
capping weld increases. Meanwhile, the correlations
between the weld penetration of the capping weld and
the tensile properties were analyzed by using the
statistical product and service solutions (SPSS) software.
The Pearson correlation coefficient between tensile
strength and weld penetration of capping weld is —0.810,

and between elongation after fracture and weld
penetration of capping weld is —0.564. The Pearson
correlations is less than zero, and the obvious negative
correlation relationships between tensile properties and
the weld penetration of the capping weld are verified. It
is worth noting that, in actual welding production, it is
basically impossible to only change the weld penetration
of the capping weld with unchanging other geometric
parameters. Therefore, the trends of the relationships in
Fig. 3 are not completely linear and the Pearson
correlations are not —1. Figure 4 shows the macroscopic
metallography of two joints with different weld
penetrations of capping weld. For the two joints with
penetrations of 6.2 and 5.3 mm, the tensile strengths are
274 and 287 MPa, respectively. The tensile strength
exactly increases with the decrease of the weld
penetration of the capping weld. Meanwhile, we do see
that the geometry of the joint is irregular and there are

320 10
. ¢ ° * —Strength
310 ° v —Elongation 19 e
o ¢ after fracture S
300 ¢ Ve, 8 3
3] Q
% 290 | : o0 ¢ 17 &
= N o0’ ° §
5 280 v, o " 6 g
N v - oY ° 'g
270 v " v v 15 @
vV vy Yoy : 9
260 r M v 4 =
v
250 3

2 3 4 5 6 7 8
Penetration depth of capping weld/mm

Fig. 3 Tensile properties—penetration depth of capping weld
curves of twenty-five welded joints

Fig. 4 Macroscopic metallography of joint with weld
penetration of capping weld of 6.2 mm (a) and 5.3 mm (b)
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many geometric factors that can affect the tensile
properties; when the other geometric
parameters are assumed to be the same, the weld
penetration of joint of the capping weld does have a
certain correlation relationship with the
properties.

however,

tensile

4 Reason analysis

4.1 Stress concentration
The numerical results show that the six simulation
joints crack at the back weld toe, as shown in Fig. 5. The

LE, LE11

(Avg: 75%)
+2.242¢107!
+2.052¢10°)
+1.861x10!
+1.670x10”!
+1.479x10°]
+12289x10.
+1.098x107
+9.070x10
+7.162x1072
+5.254x1072

- +3347x102 (a)

+1:439x1077
-4.687x107

LE,LEI1

(Avg: 75%)
+2.100x10”"
+1 923XI0_|
+1.747%107)
+1.570x10_)
+1.393x10_
+1.216x10)
+1 O39><10
+8.617x107
+6.848x107
+5. 078><10
+3.309x107
+1. 539x10
-2.303x10

LE, LE11
(Avg: 75%)

+2.050x10”!
+1.876x10”!
+1.702x107)
+1.527%10”)
+1:353x10”!
+1179x10”!
+1:005x10
+8.305x10°2
+6.562x10°2
+4.820x1072
+3.077x1072 (e)
+1335%10°2

-4.072x10°

1.5 mm

3.5 mm

6.5 mm

Deng-kui ZHANG, et al/Trans. Nonferrous Met. Soc. China 29(2019) 1161-1168

stress concentration coefficients (K, represents the first
principal stress divided by the nominal stress, Kt
represents the equivalent stress divided by the nominal
stress) can reflect the stress conditions during the tensile
testing. The stress concentration coefficients of the crack
initiation point (around the back weld toe) during the
tensile testing are extracted, as shown in Fig. 6. Both K
and Kt increase as the weld penetration of the capping
weld increases, indicating that within a certain range, the
deeper the weld penetration is, the more concentrated
stress has at the back weld toe, and the crack is more
likely to occur.
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(Avg: 75%)
+2.123x10"
+1942x10’"
+1760x10”!
+1.579x10”!
+1308x10”!
+1216x10
+1.035%10”!
+8.535%1072
e
+ x1
+3.096x1072 (b)
+1.282x10°2
-5310x10°

LE, LEI11
(Avg: 75%)
+2.078x10,
+1.904x10”!
+1.730x10°!
+1.555x10"!
+1.381x10_
+1207x10°!
+1.033x107)
+8.588x10
L
+ X
+3363x107 (d)
+1.622x1077

-1.199x10

LE, LE11
(Avg: 75%)
+1 977><10
+1 SOSXIO
+1 639><10
+1.469x10”"!
+1.300%10)
+1.130x10
+9.607x1072
-+7.913x10
+6. ZISXIO_2
- +4.524x10
+2. 829><IO

2.5 mm

4.5 mm

+1.135x1072
- -5.598x10

Fig. 5 Strain distributions on edge surface after complete fracture of joint with weld penetration of capping weld of 1.5 mm (a),

2.5 mm (b), 3.5 mm (c), 4.5 mm (d), 6.5 mm (e) and 8.0 mm (f)
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Fig. 6 Stress concentration coefficients during tensile test of joints at different weld penetrations: (a) K; (b) Kt
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4.2 Modeling and theoretical derivation

The model mainly focuses on the WZ and the
effects of weld penetration. In order to simplify the
analysis, weld reinforcements are not considered in this
model, and the HAZ in this model is a synthesis of five
regions of PMZ, OAZ-1, OAZ-2, OAZ-3, and OAZ-4 in
numerical simulation.

For the regions of WZ, HAZ and base metal, the
strains are &, &, and &, respectively; the
strength coefficients are k, Ak, and ky,, respectively; the
hardening exponents are ny, n, and ny, respectively; the
extension lengths are AL, Al, and Aly, respectively. The
tensile stress is . The transverse total length of the joint
is d. The welding plate width is w. The coordinated stress
is Fy. The maximum fracture strain of the weld is &pgx.

According to Fig. 7(a), the extension lengths of WZ,
HAZ, base metal can be expressed as follows:

Al,=a-g, =a-(clk,)"™ (1)
Alh :b.‘c"h :b'(o'/kh)l/nh (2)
Al =(d—2b—a)-&, = (d—2b—a)-(c/k,)"" 3)

The workpiece is cut along the ideal interface
between the capping weld and the backing weld, and it is
divided into the upper and the lower parts with stretching
under the average tensile stress.

p1 and p, represent the thickness of the upper part
and the lower part of the model, respectively. The
extension lengths of the upper and the lower parts can be
expressed as follows:

i i i
Al = ay (li +2b, (kij +(d—2b, —al)(kij"" (4)
W h b

1 1 1
O |'w O |™ o ™
Al =a,| — | +2b,| — +(d—2b2—a2)[—]
? 2[kWJ z(khj kb
(5)

The functional relationship between the extension
length and the tensile stress can be expressed as follows:

1 1
o | o M
A =f(o)=a|— | +2b|—| +
1 =/(0) al[kwj l(kh]
1

(d-2b—q )(ﬂ ©)

b
x €1
O |y O |™
AL, =F(o)=a,| — | +2b| —| +
’ ( ) az{kw} Z(khj
€
o |™
(d-2b, —az)(—J (7
K,

The differential forms of the above two equations
can be expressed as follows:

Ny

d[al =1 (0)]= i[ifw a[T] +

1 L
z_bIth Lo,

n, \ ky,
1 L
d—2b — n [*—]
(d=2h-a) LJBO'H" do (8)
My, k,
e i)
a nW
d|AL =F(o)|=1-2%|— | o™ '+
s
1
(1 ),
ny \ ky
1 L
d-2b, — n [*—j
(d=2b,-0;) aZ)[ijO'”" do (9)
y ky

The variations of the total extension lengths of the
upper and the lower parts caused by the tiny coordinated
stress dF, are s, s, respectively, and they have the
following relationship equations:

wZ <5
(b) HAZ a b,

a N ———r—
B | v | N [

Fig. 7 Analytical model: (a) Regional division and overall force; (b) Model decomposition, including upper and lower parts
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’ dF()
s _J'(o)do _ T (10)
SH F'(O‘)dO‘ F/(O_) dF(]
WPy
_f( )Pz
81 —m 2 (11)

According to Fig. 8, the coordination relationship of
extension lengths can be expressed as follows:

Upper layer
@ Lower layer
Al !
>
i
o)k ' 1
[ i R H
AL ! o
(©

Fig. 8 Changes of total extension lengths of upper and lower
parts caused by tiny coordinated stress: (a) Before tensile
testing; (b) Assumption; (c) After tensile testing

Al =Al, =5, +35, (12)
Combined with Egs. (11) and (12), we can get
_ (Al — 1) LO) P2 (13)
I (0)py+F'(0) )
F'(o)p
5y = (AL —Aly)— - (14)
2 ( 1 Z)f(o_)p2+F(O_)pl

The total extension length during the tensile can be
expressed as follows:

F'(o)p
(@) p,+F'(0)py
f'(o)p
AL — '
(o) p,+F'(o)p
In the total extension length, the extension lengths
of the upper and the lower parts can be expressed as

1 1
Alw(totall) Lioral 1 [kw J /a (kw j S

Al =85 AL = Al +

(15)

o \m o\
2b [Ej +(d_2bl_al)(gj I (16)
L :
o \n o \n
Alw(totalz) = Al i@y (EJ /Ta, (KJ +
- i
o |™ O |™
2b, (E] +(d—2b2—612)[g} 1} 17)

Considering that the WZ is the weakest region, the
WZ can fracture failure when the tensile strain of the WZ
reaches the maximum fracture strain of the material.
Taking the lower part of WZ as an example, it has the
following equation when failing (the tensile stress is the
ultimate tensile strength in this equation):

1 1
O, |™w O, |
Ew =Emax = Altotal {[k_mJ /[612 (k_m] +

W w

1 1
2@(%ﬁjﬁ+(d—ﬂa—an[%ﬁj%n (18)
h b

Combining Egs. (4), (5), (8), (9), (15) and (18), the
relationship between the maximum fracture strain and
the ultimate tensile strength can be obtained as follows:

1o
Gy (1Y 5
k

= {ZAI

1
ﬁﬁﬂFT%Mﬂ+

ny ky

W

(d 2bl+( 1)r+] - ai+(_1)i+l )

ny

1 1

o i
{éy{%%HZmMMIPJ”

1 1 (1
P 2b IRT
o —|—| o+
ky

I’l

, K,

i R L
O, My O, Ny h

1 +2b +
(kwj (az(kw Z[kh]
1
O |~
(d—2b2—a2)[k—m] DR (19)
b

If only the extension length of the WZ is
considered, the HAZ and the base metal are regarded as
the rigid bodies. The following formula can be obtained:

— a2(pl +p2)(o-m/kw )””w (20)

QP tap,

max

The k,, n,, and e, values are 491.3, 0.31 and 0.22,
respectively !'"). We can get

10
o, =311.9418x[(p1+ﬂp2)/pJ 21
a,

When a; and a, are certain (i.e. both the front weld
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width and the back weld width are certain), the larger the
P> is (i.e. the smaller the weld penetration of the capping
weld is), the larger the o, is. That is, within a certain
range, the deeper the weld penetration of the capping
weld is, the lower the tensile strength is. The results
obtained from the above model analysis are agreement
with those obtained from experiments.

5 Control methods

For the welded joints, weld penetration of the
capping weld mainly depends on the welding process
parameters of the capping weld, including welding
current, welding voltage, welding speed, wire feeding
speed, shielding gas flow rate and helium content, etc. In
the prior experiments, welding speed of the capping weld
was almost the same. Meanwhile, according to the
analysis of the SPSS, the weld penetration of the capping
weld is independent of the wire feeding speed. Therefore,
the relationships between the weld penetration of the
capping weld (y) and welding current (x;), welding
voltage (x;), helium content (x;) of the capping weld
were analyzed using the SPSS, and the analysis results
are shown in Table 5, the linear relation can be
approximately  expressed as: »=0.001x,—0.084x,+
0.924x;+4.961. This indicates that the weld penetration
of the capping weld increases with the increase of
welding current, helium content, or decreases with the
increase of welding voltage. In actual production, the
weld penetration of the capping weld can be controlled
by adjusting welding current, welding voltage and
helium content of the capping weld.

Table 5 Linear regression analysis between weld penetration
and welding process parameters of capping weld

Process Unstandardized .
) Standardized
parameters  coefficients ] o
.~ coefficient t  Significance

of capping Std.

B B
weld error
Constant 4.961 5.426 - 0914 0.371
Welding

0.001 0.015 0.017 0.082 0.935
current/A
Welding

—0.084 0.288 -0.064 -0.292 0.773
voltage/V
Helium
content/ 0.924 0.327 0.558 2.829 0.010

(L-min")

6 Conclusions

(1) The results of these experiments and simulations
indicate that within a certain range, when other
geometric parameters are consistent, the tensile
properties decrease with the increase of the weld

penetration of the capping weld.

(2) A model is proposed for analyzing the
relationship between the weld penetration of the capping
weld and tensile strength of the joint, and the conclusion
is in good agreement with the experimental and
numerical simulation results.

(3) The weld penetration of the capping weld
increases with the increase of welding current, helium
content or decreases with the increase of welding voltage.
These welding process parameters should be considered
comprehensively to get a proper weld penetration.
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