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ABSTRACT. Al-Mg-Si alloys are known
to be highly susceptible to solidification
cracking except when using an appropri-
ate filler metal (e.g., 4043 or 5356), al-
though the amount of dilution required to
avoid cracking has never been a well-
defined quantity. The aim of the present
study is to determine a relationship be-
tween filler metal dilution, local strain rate
conditions, and cracking susceptibility.
Making use of the controlled tensile weld-
ability (CTW) test and local strain exten-
someter measurements, a boundary has
been established between crack and no-
crack conditions for different local strain
rates and dilution amounts, holding all
other welding parameters constant. This
boundary, presented in the form of a crit-
ical strain rate-dilution map, defines the
critical amount of 4043 filler metal re-
quired to avoid solidification cracking
when arc welding 6060 aluminum, de-
pending upon local strain rate.

Introduction

Al-Mg-Si extrusion alloys are widely
used in fabricated structures because of
their good corrosion resistance, moderate
strength achieved through heat treatment,
and good weldability when using an ap-
propriate filler metal. When welded auto-
genously, however, these alloys are known
to be highly susceptible to solidification
cracking (Refs. 1–3). Typical welding filler
metals, such as Alloy 4043 (Al-5%Si) or
Alloy 5356 (Al-5%Mg), shift the weld pool
composition to an alloy regime that is less
crack sensitive. Because the filler and base
metals have different compositions, the
amount of dilution will influence the com-
position of the weld pool, determining its
metallurgical and mechanical properties
and cracking susceptibility. The choice of
the filler is sometimes related not only to
the weld cracking susceptibility, but to the

desired mechanical properties of the
welds. Normally, Alloy 5356 is selected for
higher strength, whereas 4043 is selected
for improved cracking resistance. 

Although it is well established that use
of an appropriate filler metal improves
weldability, the amount of filler dilution
required to avoid cracking has remained
an undefined quantity. Curiously, this has
never been considered an important issue
to industry, perhaps because standard
welding practice routinely results in suffi-
cient dilution to avoid cracking. This
would particularly be true for gas metal
arc welding, where high filler metal dilu-
tion (30–60%) is common. 

The objective of the present study was
to characterize the solidification cracking
susceptibility of the 6060 aluminum base
metal welded with 4043 filler metal. Alloy
6060 was selected because of its high sus-
ceptibility to solidification cracking (Ref.
4). Using a newly developed controlled
tensile weldability (CTW) test, the
amount of 4043 dilution required to avoid
crack formation was determined for dif-
ferent local strain rate conditions. Strain
rate was identified as an important para-
meter to monitor, particularly because of
its direct relationship to cracking mecha-
nisms as is discussed further in this paper.
Also, in realization of the importance of
solidification range and liquid feeding to
cracking, the solidification path was char-
acterized using thermal analysis tech-
niques combined with metallographic ob-
servations. A new approach to crack
evaluation was taken whereby a strain rate
vs. dilution map was developed to identify

critical conditions needed for cracking. 

Background

Cracking Mechanism

Research work spanning 50 years has
led to the belief that tensile stresses and
strains at the trailing end of the weld pool
are responsible for forming solidification
cracks (Refs. 5–10). Likewise, it has long
been understood that some alloys have
greater susceptibility to cracking, and that
this higher susceptibility can sometimes be
related to solidification range (Refs.
11–13) or the ability to feed shrinkage
(Ref. 14). Strain accumulated as a result of
solidification shrinkage and thermal con-
traction serves to pull weld metal grains
apart in the mushy zone, resulting in the
separation of grain boundary liquid films.
Pellini (Ref. 5), Prokhorov (Ref. 6), and
Senda et al. (Ref. 7), in succession, helped
develop a concept for cracking based upon
limited ductility, assuming that only a lim-
ited strain can be accommodated over a
brittle temperature range (BTR) during
solidification. 

Strain rate was also realized to be an im-
portant factor by these same researchers
(Refs. 6, 7), but only insofar as it serves to
determine how much strain can be accu-
mulated during the time of solidification.
Accordingly, several weldability tests have
been developed specifically to measure
critical strain rate, including the variable
tensile strain test (Ref. 15), the slow bend-
ing trans-varestraint test (Ref. 16), and the
variable deformation rate (VDR) test (Ref.
17). Meanwhile, new models arising from a
better understanding of nonequilibrium so-
lidification have suggested that strain rate
may play a more direct role in the actual liq-
uid fracture mechanism, e.g., controlling
the pressure drop in the interdendritic liq-
uid to initiate cracks (Ref. 18). Crack
growth mechanisms have been less studied,
but it appears that strain rate may likewise
play a direct role, influencing the balance
between transverse displacement, liquid
feeding, and crack advancement (Ref. 19). 
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Weldability of Al-Mg-Si 
Alloys

Jennings et al. (Ref. 20) examined the
influence of composition on the cracking
susceptibility of high-purity Al-Mg-Si
ternary alloys (Fig. 1) using a ring casting

test. A ridge of high cracking susceptibil-
ity is observed along the Al-Mg2Si quasi-
binary line (Mg/Si = 1.73, weight ratio)
with a peak in cracking susceptibility oc-
curring at 0.4 wt-% Si and 0.3 wt-% Mg.
Alloy 6060 sits close to this peak, and
hence should have a high susceptibility to
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Fig. 2 — Comparison of as-cast structures noting the different phases (Ref.
23) for the following: A — 6060; B — 6060+20% 4043 .

Fig. 1 — Quasi-binary line superimposed on ring casting data of Jen-
nings et al. (Ref. 20) showing solidification cracking susceptibility for
Al-Mg-Si ternary alloy system.

Table 1 — Nominal Mid-Range Composition
for Aluminum Alloy 6060 and 6060/4043 Mix-
tures (Ref. 21)

Aluminum Alloy Composition (wt- %)
Si Mg Fe

6060 0.50 0.50 0.20
6060+5%4043 0.72 0.48 0.21
6060+10%4043 0.95 0.46 0.22
6060+15%4043 1.17 0.43 0.23
6060+10%4043 1.40 0.41 0.24

4043 5.00 0.05 0.40

Table 2 — Phase Reactions in Al-Mg-Si-Fe Quaternary System for Aluminum 6060 Castings with
and without 4043 Dilution (Ref. 23)

Temperature (°C)
No. Phase Reaction 6060 6060+20%4043
1 Start solidification 666 666
2 L+TiAl3→α(Al) 666 666
3 L→α(Al) 653–650 650–647
4 Coherency Point 642–637 642–639
5 L→α(Al)+α(Al8Fe2Si) — —
6 L→α(Al)+β(Al5FeSi) 609–597 —
7 L→α(Al)+Mg2Si 597–589 —
8 L→α(Al)+Si 587–578 584–577
9 L→α(Al)+Siβ(Al5FeSi) — 564 –556

10 L+β→α(Al)+Si+β(FeMg3Si6Al8) — 539–534
11 L→Mg2Si+Si+α(Al)+π(FeMg3Si6Al8) — 524–509
12 End Solidification 578 509

Table 3 — Base Welding Parameters for
GTAW–CWF Process

Current 110A
Voltage 17.8

Arch Length 2 mm
Electrode Diameter 3.2 mm
Electrode Type Tungsten + 1% LaO2
Electrode Tip Angle 30 deg

Torch Gas Helium
Gas Flow Rate 0.33 L/s

Polarity DCEN
Torch Travel Speed 4 mm/s
Wire Diameter 0.8 mm

Wire Feed 0–41.7 mm/s

A

B

Coniglio Sept 2008layout:Layout 1  8/7/08  8:56 AM  Page 238



WELDING RESEARCH

-s239WELDING JOURNAL

cracking, something that has been verified
in circular patch tests (Ref. 4). The weld
metal composition is shifted to a less
crack-sensitive region when diluted with
Alloy 4043, changing primarily the silicon
content (Table 1), increased by a factor of
3 for 20% filler dilution.

In relation to the quasi-binary line, it is
expected that when welding with 4043 filler
metal and an increased weld metal silicon
content, the microstructure should consist
of increasing amounts of silicon phase in ad-
dition to the quasi-binary eutectic phase
Mg2Si (Ref. 22). However, due to the pres-
ence of the impurity iron (0.20 wt-% Fe,
Table 1), the phase reactions that actually
occur are considerably more complex for as
suggested in Table 2 for castings. Even at
low concentrations, iron has a strong influ-
ence on solidification structure due to its
strong capacity to partition (equilibrium
partition ratio: k = 0.03) and form com-
pounds with silicon and aluminum. 

Based upon thermal analysis, mi-
crostructure observations and available lit-
erature, small increases in Si content have
been found to have a major effect on the so-
lidification path of 6060 castings (Ref. 23).
Increasing silicon from 0.50 to 1.40 wt-%
causes the solidus temperature to drop
from 577° to 509°C, increases the quantity
of interdendritic constituent from 2 to 14
vol-%, and results in different phase for-
mation. Binary β (Al5FeSi) and Mg2Si
phases are replaced with ternary β
(Al5FeSi), π (FeMg3Si6Al8), and a low
melting quaternary eutectic — Fig. 2.
Higher silicon content has also been ob-
served to result in grain refinement and re-
duced solidification shrinkage. 

Experimental

Controlled Tensile Weldability Test 

Solidification cracking susceptibility
was studied by means of a newly developed

controlled tensile
weldability  test
shown in Fig. 3A,
consisting of a
horizontal tensile
test apparatus
(500-kN load ca-
pacity) that can
apply a plane ten-
sile strain during
welding, trans-
verse to the weld-
ing direction, at a
controlled strain
rate. This test pro-
vides a way to de-
termine the criti-
cal strain rate
needed for solidification crack formation.
The concept for such a test is not new, with
different variations appearing in the litera-
ture (Refs. 15, 24). In comparison, for ex-
ample, the programmable deformation
cracking (PVR) test consists of applying a
tensile strain during welding, in the direc-

tion of welding, while ramping up the strain
rate (Ref. 24). The point at which cracking
is first observed defines a critical strain rate.
While such tensile tests can be used to
apply a global strain at a fixed strain rate
during welding, of more importance is the
local strain and strain rate (i.e., in the

Fig. 3 — A —  Overview of CTW test machine; B — dimensions of test coupon showing test coupon joined to two load-transfer plates.

Fig. 4 — Illustration for dilution calculation from weld metal cross section.

Table 4 — Etchants Used for Oxide Removal and Metallographic Analysis

Etchant Description
E1 869 mL H2O, 125 mL HNO3 65%, 6.25 mL HF 48%
E2 100 mL H2O, 66 mL HCI, 66 mL HNO3 16 mL HF
E3 100 mL H2O, 4g KMnO4, 1g NaOH

Table 5 — CTW Test Sequence

Step Distance from the
Number Weld Start (mm) Related Action

1 0 Start weld
2 30 Start cross-head travel
3 50 Electrode at the top of the extensometer
4 90 Stop cross-head travel
5 100 Stop weld

A B
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mushy zone or vicinity), which is not the
same as global strain values and hence must
be measured separately. 

Welding Parameters 

Welding was performed using the gas-
tungsten arc, cold wire feed process
(GTAW-CWF). Weld coupons 120 mm in
length were cut from 40 × 4 -mm extruded
bars of 6060-T4, with a hardness of 40
HV0.5. In preparation for testing, each
coupon was welded to two load-transfer
aluminum plates (300 × 150 × 8 mm, Fig.
3B), suitable for clamping into the head-
stock of the CTW machine. Following
testing, coupons were cut out and the
load-transfer plates reused. The base
welding parameters, held constant
throughout this study, are listed in Table 3.
Arc voltage was kept constant using an arc
voltage control system, maintaining a 2-
mm arc length corresponding to a 17.8-V
arc voltage. Parameters were developed to
obtain a complete-joint-penetration,

bead-on-plate weld. Welding wire speed
and tensile cross-head speed were experi-
mental variables. Welding wire speed was
varied from 0.0 to 41.7 mm/s in incremen-
tal steps of 8.3 mm/s. Prior to welding, the
oxide layer on the test coupon was chemi-
cally removed (etch E1 applied at room
temperature for 15 min, Table 4), followed
by degreasing with acetone. 

CTW Test Sequence 

The CTW test sequence is summarized
in Table 5. A preload of 15 kN was applied
prior to welding to compensate for ther-
mal expansion of the weld coupon during
welding, maintaining it in tension even at
a 0 mm/s transverse cross-head speed. The
arc was initiated by touch contact between
the electrode and the weld coupon. In a
100-mm-long weld, the transverse cross-
head speed was applied 30 mm after the
start of welding. Local strain was mea-
sured at the weld midlength. At the end of
the weld, the arc was abruptly extin-

guished, providing information as to the
shape of the weld pool. Each individual
test was run at a constant applied strain
rate, where the tensile transverse cross-
head speed was varied from 0.000 to 0.083
mm/s in incremental steps of 0.017 mm/s
per test. This globally applied strain rate
resulted in variations in local strain rate
(i.e., region adjacent to weld pool), which
was measured with an extensometer. 

Local Strain Rate Measurement 

Ideally, what is most pertinent to crack-
ing is the strain rate experienced at the
grain boundaries in the mushy zone (i.e.,
grain boundary strain rate). Attempts to
measure this have been reported in the lit-
erature, e.g., the MISO technique (Ref.
25), whereby video recordings of the top
surface of the weld metal were analyzed by
noting the displacement of oxide particles
over time. However, this analysis is cum-
bersome, not necessarily accurate, and is
not easily adapted for regular application.
In this study, the strain rate was measured
instead using an extensometer in the local
vicinity of the weld (referred to as local
strain rate). 

Strain distribution measurements made
using digital image correlation (DIC) sug-
gest that the strain rate is constant within
the immediate vicinity of the weld (Ref. 26).
This means that the extensometer mea-
surements made in this study are related to
what is happening at mushy zone grain
boundaries. What is not known is how the
local strain (and strain rate) is partitioned
within the mushy zone. It can be argued, for
example, that most of the strain in the
mushy zone will occur at grain boundaries,
which would explain the importance of
grain refinement in improving crack resis-
tance. However, because of our limited un-

Fig. 5 — Weld pool measurements from top surface as follows: A — Width (A); B —  distance behind electrode (B) and distance in front of electrode (C).

Table 6 — Measured Chemical Analysis for Aluminum Alloy 6060 and 6060/4043 Mixtures (Wet
Chemical Analysis for 4043 Welding Wire and Spectrometry for 6060 Base Metal)

Aluminum Composition (wt%)
Alloy Si Mg Fe Mn Cu Cr Ni Zn Ti Zr

6060-T4 0.42 0.59 0.19 0.020 0.012 0.004 0.004 0.009 0.020 0.001

6060+5% 4043 0.66 0.56 0.19 0.019 0.012 0.004 0.004 0.009 0.019 0.001

6060+9%4043 0.86 0.54 0.19 0.018 0.013 0.004 0.004 0.009 0.018 0.001

6060+11%4043 0.96 0.53 0.19 0.018 0.013 0.004 0.004 0.009 0.018 0.001

6060+14%4043 1.10 0.51 0.19 0.018 0.013 0.004 0.004 0.008 0.018 0.001

6060+16%4043 1.20 0.50 0.19 0.017 0.013 0.004 0.004 0.008 0.017 0.001

4043 5.30 0.002 0.22 0.003 0.018 0.002 0.005 0.005 0.003 0.002

A B
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derstanding of strain distribution within the
mushy zone, the measurement of strain rate
in the local weld vicinity will be taken as a
useful indicator to reflect upon what is hap-
pening in the mushy zone.

An extensometer was attached under-
neath the weld coupon, in the path of the
weld at midlength (Fig. 3B), to measure
the local transverse strain across the weld
pool during the welding process. The
gauge length of the extensometer was 10.5
mm, spanning across an 8-mm-wide weld
bead. The extensometer output was
recorded at a 100-Hz frequency during the
entire test using CATMAN 4.5 computer
software for data acquisition and a Spider
8 analog-to-digital converter. Local strain

rates were calculated from these recorded
strains and, with incrementally increased
applied strain rate for each succeeding
test, the critical local strain rate for crack-

ing was identified when cracks were first
observed.

Strain and strain rate values were ex-
amined at the coherency temperature

Fig. 6 — Grain structure at the top surface of the weld metal for Al 6060 with the following amounts of dilution with the 4043 filler metal: A — 0%; B — 5%,
C —  9%; D — 11%; E — 14%; F — 16%.

Fig. 7 — Weld metal cross sections for the case of zero cross-head speed: A — 6060; B — 6060+16% 4043.

Table 7 — Weld Pool Measurements According to Fig. 5

Filler Top Width: Distance behind Distance in Front of
Dilution A Electrode: B Electrode: C

(%) (mm) (mm) (mm)
0 7.5 6.1 4.7
5 7.8 6.0 4.6
9 8.0 6.3 4.8
11 8.1 6.3 4.7
14 8.1 5.9 4.6
16 8.1 5.9 4.8

A

D E F

B C

A B
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Fig. 8 — Shrinkage cavity observed in castings of the following: A —
6060; B — 6060+20% 4043. Cooling rate was 9°C/s between 750° and
500°C.

Fig. 9 — SEM-EBSD micrographs for Al-6060 with the following amounts
of dilution: A — 0%; B — 16% 4043. 

(i.e., when the mushy zone passed over the
extensometer), corresponding to the point
during solidification where the secondary
arms of adjacent dendrites first begin to
coalesce. This is normally taken to be the
region where cracking initiates (Ref. 11),
and can be determined experimentally
from thermal analysis corresponding to
the first arrest in the cooling curve follow-
ing the beginning of α-Al dendrite solidi-
fication (Ref. 27). Coherency represents a

sharp reduction in interdendritic liquid
feeding and thus a change in convective
heat flow. The position of coherency rela-
tive to the torch along the weld centerline
was determined from weld pool size (i.e.,
distance between torch and trailing weld
pool boundary) and cooling rate measure-
ments (i.e., time between liquidus and co-
herency temperatures). The position of
the torch relative to the extensometer was
determined from time of travel. 

A few select strain rate measurements
were made by moving the extensometer to
different locations along the weld length,
including the actual site where cracks were
observed to form. The difference between
these values and those measurements ob-
tained at midlength was found to be within
the error of experiment (± 0.05%/s). Also,
because welds were made complete pene-
tration on relatively thin (4-mm-thick)
coupons, it was assumed that conditions of
plane strain exist and that transverse
strain in the through-thickness direction is
the same as at the surface.

Thermal Analysis

Cooling curves for the weld pool at 0
and 16% 4043 dilution were examined
during solidification to determine the po-
sition of the coherency point relative to
the liquidus and to determine the solidifi-
cation range. A hole, 0.6 mm in diameter
and 1 mm deep, was drilled from the bot-

Table 8 — Characteristic Dimensions of Weld Metal Depending on Filler Dilution

Welding Wire Filler Cross-Section Bead Root Overbead Overbead
Speed Dilution Area Thickness Width Width Curvature
(mm/s) (%) (mm2) (mm) (mm) (mm) (mm–1)

0 0 25.1 4.2 5.5 7.5 -0.068
8.3 5 25.5 4.4 5.1 7.8 –0.023

16.7 9 25.9 4.6 5.4 8.0 –0.031
25.0 11 28.0 4.7 5.4 8.1 –0.007
33.3 14 29.0 4.9 5.7 8.1 0.007
41.7 16 31.7 5.0 6.5 8.1 0.011

A A

BB
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Fig. 10 — Application of cooling rate methods to the 6060 aluminum weld metal with the following: A — 0%; B — 16% 4043. Arrest numbers correspond to
numbered reactions in Table 9.

tom side of the weld coupon, in the path
of welding at weld midlength. A 0.5-mm
outer diameter, sheathed, electrically
ground, nickel/chrome-nickel (Type K)
thermocouple was preplaced inside this
hole (friction fit) before welding. The
thermocouple output was recorded at a
200-Hz frequency during solidification
using CATMAN 4.5 computer software
for data acquisition and a Spider 8 analog-
to-digital converter. 

Metallographic Analysis

Metallographic cross sections were cut
transverse to the weld, at weld midlength.
These sections were ground and polished
to 1 μm and then chemically polished
using a slightly basic solution of colloidal
silicon dioxide. The microstructure was
examined using optical metallography.
Electron backscattered diffraction
(EBSD) was employed to help define

grain boundaries for grain size measure-
ment. Grain size was measured using a
line-intercept technique, taking a mean
value of four line-intercept measure-
ments. Other polished cross sections were
etched with Etch E3 (Table 4) for 45 s to
reveal the weld pool size and geometry. 

Dilution Measurements

The critical strain rate to form cracks
was compared for several different filler
metal dilutions: 0, 5, 9, 11, 14, and 16%
4043, calculated using Equation 1

where A is the cross-sectional melted
area of the 6060 base metal, and B+C is
the difference between the total area of

the weld metal and A — Fig. 4. Measured
weld metal compositions are compared
in Table 6 for each of these weld dilu-
tions. As expected, it is observed that sil-
icon is the primary alloying element af-
fected by dilution. 

In CTW testing, for each dilution
level the transverse cross-head speed was
incremented in steps of 0.017 mm/s from
0.000 to 0.068 mm/s, noting the value
where cracking first occurred. Because
of the fixed incremental step of trans-
verse cross-head speed (0.017 mm/s), the
exact location of the crack-no crack
boundary lies somewhere within this
fixed step. This corresponds to the dif-
ference between the highest measured
strain rate without cracking and a strain
rate slightly greater than that required to
form a crack. Hence, the accuracy for de-
termining the critical strain rate, for a
given dilution, is limited by the magni-

filler dilution
B C

A B C
= +

+ +
× 100% (1)

Fig. 11 — Micrographs for Al-6060 weld metal with the following amount of dilution: A — 0%; B — 16% 4043.

A

A B

B
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tude of this step. Data were plotted as a
critical strain rate-dilution map, demark-
ing the region between crack and no-
crack conditions.

Results and Discussion

Weld Pool/Weld Metal Characterization

Application of Etch E2 at room tem-
perature for 1 min (Table 4) revealed the
grain structure and weld pool shape from
the top surface as shown in Fig. 5. Weld
pool shape was approximately constant
for different 4043 dilutions, with distances
A, B, and C summarized in Table 7. Of
particular importance is distance B, ap-
proximately 6 mm, which represents the
distance between the electrode and the fu-
sion boundary along the weld centerline.
Thus, with a torch travel speed of 4 mm/s,
solidification along the weld centerline
starts approximately 1.5 s after passage of
the electrode.

Observation of weld metal microstruc-
ture from the top surface reveals stray cen-
terline grains for autogenous welds (i.e.,
with no 4043 filler added, Fig. 6A). These
stray grains are no longer observed with as
little as 5% filler dilution (Fig. 6B), with
additional increases in dilution causing
further grain refinement (Fig. 6A–F). 

Metallographic transverse cross sec-
tions taken from the weld midlength were
examined for all 4043 dilutions, and weld
bead dimensions were measured as sum-
marized in Table 8. An example of weld
cross sections made on 6060 coupons with
0 and 16% 4043 dilution are compared in
Fig. 7, showing an increase in weld bead
thickness from 4.2 to 5.0 mm and only a
slight increase in bead width. Cross-
sectional area also increased with dilution
and overbead curvature changed from
–0.068 (concave) to +0.011 mm–1 (con-
vex). The change in curvature from con-
cave to convex occurred between 11 and
14% filler dilution, and is reported to pro-
vide better cracking resistance (Ref. 28). 

Increased filler dilution is also likely to
affect solidification shrinkage. Silicon is
known to reduce the shrinkage volume of
die-cast aluminum alloys, where shrinkage
decreases linearly in Al-Si binary alloys to
reach a zero value at 25% Si (Ref. 22).
This behavior is believed due to the vol-
ume expansion of silicon as it solidifies,
compensating in part for the solidification
shrinkage of aluminum (Ref. 29). Alloy
6060 castings made in-house have also
demonstrated this, where the shrinkage
cavity is reduced when increasing 4043 di-
lution — Fig. 8. Considering the shrinkage
feeding theory of Feurer (Ref. 14), a re-

duction in solidification shrinkage should
improve weldability. 

Grain size measurements for weld
cross sections were made for 0 and 16%
4043 dilution with the aid of ESBD to help
delineate grain boundaries, as shown in
Fig. 9. Increasing 4043 dilution from 0 to
16% decreases the mean grain size from
63 to 51 μm. This small refinement in grain
size may contribute at least in part to im-
proved weldability, based upon a previous
study (Ref. 4). 

Thermal Analysis 

The solidification path was character-
ized by examining cooling curves for low
and high levels of filler dilution in the
welds — Fig. 10. The solidification
start/stop and coherency temperatures
identified from Fig. 10 are compared in
Table 9. These critical temperatures were
identified from the first derivative curves
based upon thermal arrest behavior char-
acterized in previous work for 6060/4043
castings (Ref. 23). Increasing 4043 dilu-
tion decreases the coherency point by ap-
proximately 12°C, but had little effect on
solidification start and stop. This behavior
is different from that observed for
6060/4043 castings (Table 2). Unlike in
castings, the solidification range remains
at around 165°C, independent of the 4043
dilution. This is also suggested by the mi-
crographs of the weld cross sections (Fig.
11), which differ from the micrographs of
6060/4043 castings (Fig. 2) in that they ap-
pear unaffected by 4043 dilution. 

Increasing 4043 dilution from 0 to 16%
decreases the mean cooling rate during so-
lidification from 114 to 94°C/s. This could
be due to either an increase in latent heat,
or to an increase in weld pool size (Table 8),
both possibilities resulting in a higher quan-

Table 9 — Solidification Start /Stop and Coherency Temperatures for Aluminum 6060 Welds with
and without 4043 Dilution Taken from Fig. 10

No. Reaction Temperature (°C)

6060 6060+16%4043

1 Start solidification 660 659
2 Coherency point 624 612
3 End solidification 494 488

Fig. 12 — A — CTW test sequence superimposed on measured strain; B — calculated strain rate, for test conditions 6060 + 9% 4043 dilution and 0.067 mm/s
cross-head speed.

A B
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tity of heat evolved during solidification.
This observation supports the Feurer the-
ory (Ref. 14), where a lower cooling rate
should reduce the rate of shrinkage and
thus decrease the cracking susceptibility, as
observed when adding 4043 to 6060.

For all dilution conditions, thermal
analysis showed that the time it takes for
the temperature to drop from the liquidus
to the coherency temperature is approxi-
mately 0.2 s. Thus, for a 4 mm/s travel
speed, the distance from the weld inter-
face to the coherency point is approxi-
mately 0.8 mm along the weld centerline.
Combining this with weld pool shape mea-
surements (distance B in Table 7), the co-
herency temperature along the weld cen-
terline is reached approximately 1.7 s after
the passage of the welding electrode. 

Local Strain Rate Measurement

An example of strain measurement
made during a CTW test is presented in
Fig. 12A, shown as a function of time with
the CTW test sequence superimposed
from Table 5. Positive strain represents
displacement toward the weld centerline.
Note that the strain becomes negative be-
tween 5 and 15 s, which is likely due to
thermal expansion in the test sample
caused by heating ahead of the advancing
weld torch (Ref. 30). Figure 12B shows the
calculated strain rate from point 3 to point
4 during weld solidification. Time has
been set to zero in Fig. 12B, correspond-
ing to step 3. The local strain rate value is
taken at the coherency point, 1.7 s behind
the torch (torch is at point 3) as discussed
in the previous section. 

Although a continuous centerline
crack is formed under the test conditions
represented in Fig. 12, the irregularity in
the curve (at 1 s, Fig. 12B) likely repre-
sents erratic crack growth, as has been ob-
served by other researchers (Ref. 31). The
repeatability of CTW test results was ex-

amined for the test conditions 11% 4043
dilution and 0.033 mm/s cross-head speed.
Performing the CTW test three times for
these fixed conditions resulted in a varia-
tion in measured strain rates of between
+0.10 and +0.11%/s (±0.005%/s) demon-
strating good repeatability within 10%.

Additional strain rate plots are com-
pared in Figs. 13 and 14 showing, respec-
tively, the influence of cross-head speed
and dilution on cracking susceptibility.
Both the liquidus and coherency temper-
atures are indicated to identify the region
of interest to solidification cracking. A
general trend is observed for strain rate
over time, whereby it either continuously
increases (for the case of crack forma-
tion), or it first increases and then plateaus
(for the case of no crack formation). In the
case of cracking, the increase in crack
length over time reduces the specimen re-
sistance to the applied transverse cross-
head speed, and thus the local strain rate
continues to increase. In the case where
no crack forms, a plateau appears once
welding is complete and the thermal con-
dition is stabilized. 

For a fixed filler metal dilution of 9%
(Fig. 13), the cross-head speed is observed
to have a direct effect on strain rate. In-
creasing the cross-head speed increases the
local strain rate, as to be expected. For a
cross-head speed up to 0.033 mm/s (curves
a, b, c) no cracking was observed. Over
0.050 mm/s (curves d and e), a continuous
centerline crack was formed, with a crack
forming instantaneously with the applica-
tion of strain. The critical condition for
crack formation is bounded by the curves
(c) and (d), where the maximum strain rate
measured without cracking (point A) cor-
responds to a value close to the critical
strain rate required to form cracking.
When considering mechanisms for crack
formation, one must be careful to distin-
guish between crack nucleation and
growth. However, it is not understood at

this point which of these two phenomena is
actually being represented here by these
observed critical strain rate conditions.

Figure 14 illustrates the influence of
filler dilution on strain rate and cracking
susceptibility, in this case for a cross-head
speed of 0.050 mm/s. A continuous cen-
terline crack formed with up to 9% dilu-
tion (curves a, b, c), but with 11% dilution
(curve d) only discontinuous cracks were
formed. For welds made with over 14% di-
lution (curves e and f), no cracking was ob-
served. As was the case in Fig. 13, crack-
free welds exhibited lower strain rates.
Irregularities were observed on strain rate
curves that are close to the critical condi-
tions needed to form cracking (Fig. 13,
curve d; Fig. 14, curve c), suggesting that
crack growth is unstable. 

Dilution affects local strain rates even
for uncracked welds (Fig. 13, curves e and
f). This could be due to the lower cooling
rate at higher filler metal dilution (Fig. 10)
resulting in lower rates of solidification
shrinkage and thermal contraction, or an in-
creased weld pool width in relation to a
fixed extensometer gauge length (10.5 mm).

Negative local strain rates were some-
times measured at low (or zero) applied
tensile cross-head speeds. For example, a
tensile cross-head speed of 0.017 mm/s for
a dilution of 9% resulted in a negative
(compressive) local strain rate — Fig. 13,
curve b. This suggests the existence of
local compressive cells behind the weld
pool, formed in reaction to thermal and
shrinkage stresses (Ref. 30), precluding
the possibility for crack nucleation or
growth. The development of such com-
pressive cells was proposed by Zacharia
(Ref. 8) as a means to avoid cracking. 

Cracking Susceptibility Evaluation

Filler metal dilution was calculated per
Equation 1 and plotted as a function of
welding wire speed as shown in Fig. 15.

Fig. 13 — Strain rate measurements for a filler dilution of 9% and a cross-
head speed of (a) 0; (b) 0.017; (c) 0.033; (d) 0.050; (e) 0.067 mm/s. Note
the points A (insufficient strain rate to form crack) and B (sufficient strain
rate to form crack).

Fig. 14 — Strain rate measurements for a cross-head speed of 0.050 mm/s
and a filler dilution of (a) 0%; (b) 5%; (c) 9%; (d) 11%; (e) 14%; (f) 16%.
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Filler dilution was found to vary between
0 and 16% for welding wire speeds be-
tween 0.0 and 41.7 mm/s. For each dilution
examined, the weld metal composition is
given in Table 6, showing that silicon con-
tent is the main compositional change
when increasing 4043 dilution.

The type of crack encountered in CTW
testing is plotted as a function of local
strain rate and filler dilution in Fig. 16. A
border (approximated with dashed line) is
established between crack and no-crack
conditions, with discontinuous cracking
occurring near the dashed line. Cracking
susceptibility is seen to increase with local
strain rate, requiring a higher amount of
4043 dilution to avoid cracking. The strain
rate is, by convention, negative when the
material is moving toward the weld cen-
terline, and positive when it is moving
away. Solidification cracking forms at a
local strain rate of –0.16%/s at 0% 4043 di-
lution and 0.35%/s at 16% 4043 dilution.
Note that at low 4043 dilution, a solidifi-
cation crack can form even under a nega-

tive (i.e., compressive) local strain rate.
This suggests that this low compressive
local strain rate does not entirely compen-
sate for solidification shrinkage, still per-
mitting tensile strains in the mushy zone.

Critical strain rates measured using the
CTW test for crack formation are com-
pared in Table 10 against values obtained
from other tests taken from the literature,
including the variable tensile strain test
using an extensometer (Ref. 15) and the
slow bending trans-varestraint test using the
MISO strain measurement technique (Ref.
16). Critical strain rates are found to reflect
directly upon weldability, where alloys with
relatively poor weldability have low (or in
some cases negative) critical strain rates.
These values are typically on the order of a
few tenths of a percent per second, for each
of the different testing methods. 

Conclusion

A new CTW weldability test and test
procedure has been developed that allows

for the experimental determination of the
critical strain rate needed for solidification
crack formation during welding. In partic-
ular, the weldability of aluminum Alloy
6060 was examined for different 4043 dilu-
tion levels. Use was made of a critical strain
rate-dilution map to identify the boundary
between crack-no crack conditions for the
6060/4043 alloy system, where it was found
that higher local strain rates require higher
filler dilution levels to avoid cracking. The
improvement in weldability observed with
increased 4043 dilution may be due to a
number of different factors including grain
refinement, concave bead shape, and re-
duced solidification shrinkage. However,
the solidification range remained indepen-
dent of 4043 dilution for the dilution levels
examined in this study.

Although the CTW test is in some re-
gards unique in its application of con-
trolled transverse global strain rate, what
is of particular importance here is the
measurement of local strain rate critical to
crack formation. The same approach
could be accomplished using other estab-
lished weldability tests incorporating ten-
sile tests (e.g., VTS (Ref. 15) or PVR (Ref.
24)) or prestress applied in the plane of
the test specimen (e.g., Sigmajig (Ref. 32)
or PLTS (Ref. 33)). Weldability tests that
do not lend themselves to this approach
are those involving bending, where the
strain rate is not uniform throughout the
duration of the test or through the test
specimen. The disadvantage of strain rate
analysis is that it adds to test complexity
and is time consuming. However, express-
ing cracking susceptibility in terms of a
critical parameter directly related to a
cracking mechanism has the advantage of
providing a more meaningful representa-
tion of weldability. Of particular impor-
tance is the possibility to use these data in
the modeling of cracking mechanisms, al-
lowing for future prediction of cracking.

Fig. 15 — Calculated dilution as a function of welding wire speed. Fig. 16 — Cracking susceptibility of Alloy 6060 for variable 4043 dilution
shown as a function of local strain rate (10.5-mm gauge).

Table 10 — Critical Strain Rates Required for Solidification Crack Formation

Test Welding Speed Aluminum Alloy Critical Strain Rate
(mm/s) Base Metal/Filler Metal for Cracking Formation (%/s)

6063/4043 (0%) –0.24
6060/4043 (5%) –0.06

CTW Test 4 6060/4043 (9%) 0.08
(present study) 6060/4043 (11%) 0.15

6060/4043 (14%) 0.26
6060/4043 (16%) 0.33

Variable Tensile Strain Test 5052 0.15
(Ref. 15) 5 5083 0.20

2017 0.15
5083 0.47

Slow BendingTrans- 2219 0.50
Varestraint Test 1.7 5052 0.64

(Ref.16) 5154 0.70
1070 5.00
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