
Dye Penetrant Indications Caused by Superficial 
Surface Defects in 2014 Aluminum Alloy Welds 

Many dye penetrant indications are superficial (less than 0.007 in. deep) 
and can be eliminated or minimized sufficiently 
that real weld defects can be identified. 

BY Ft. G. H O C K E R A N D K. R. W I L S O N 

ABSTRACT. Dye penetrant indications on 
the heat-affected zone of 2014-T6 alumi
num weldments have caused many rejec
tions of production assemblies. An inves
tigation of this problem has revealed that 
a large majority of these indicated defects 
were superficial in that they were less 
than 0.007 in. deep. 

Tests were conducted to determine 
the cause and nature of the surface de
fects. Procedures were developed to elim
inate or minimize the occurrence of dye 
penetrant indications, and to discriminate 
between real weld defects and super
ficial surface defects. Also, procedures 
were developed for repairing weldments 
containing dye penetrant indications. 

Macroscopic and microscopic evalua
tions identified the following four types 
of superficial surface defects which 
caused dye penetrant indications: grain 
boundary melting and cracking, weld 
spatter, local arc-plasma inpingement 
(cast puddles in the surface of the heat-
affected zone) and grain boundaries 
which had been attacked by the caustic 
etch used in the dye penetrant inspection 
procedure. Methods for minimizing these 
superficial defects include (1) stabiliza
tion of the arc, (2) utilization of direct 
current "GTA" weld procedures, (3) re
duction of caustic etch time and (4) 
utilization of fine grain material. 

Introduction 

The occurrence of dye penetrant 
indications on the weld heat-affected 
zone of GMA (gas metal-arc) welded 
2014-T6 aluminum has caused many 
rejections of production assemblies. 
Many of the dye penetrant indications 
were linear and ranged from 1/a 2-in. 
to approximately V2-in. in length. 
These indications occurred on the sur
face of the weld heat-affected zone of 
both extrusion and sheet weldments, 
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but only on the crown side. They also 
occurred in the heat affected zone, 
within Vjg-in. of the fusion line, on 
surfaces which had been machined 
after welding. The preponderance of 
indications occurred on weldments 
made with large grain extrusions. 

An investigation was conducted to 
identify the nature of the surface de
fects which were being detected on 
production parts and duplicate them 
in the laboratory. Procedures were 
then developed to minimize their oc
currence and remove them from 
weldment surfaces. 

Procedure 

Weldments containing surface de
fects similar to those observed on 
production parts were made to 
provide samples for metallographic 
analysis. These weldments were made 
with 2014-T6 aluminum "Y" shaped 
extrusions and 2014-T6 aluminum 
sheet in two thicknesses, 0.250 and 
0.105 in. Extrusions having three dif
ferent grain sizes with average diame
ters of 0.01, 0.12, and 0.25 in., were 
used in this investigation. The follow
ing current production weld parame
ters were selected for single and mul
ti-pass GMA welding: 

4043 filler wire—3/64-in. diam
eter 

Shielding gas flow—60 cu ft per 
hr 

Welding speed—28 in. per min 
Arc current—135-145 amp range; 

direct current reverse polarity 
(dcrp) 

Arc voltage—22 to 26v 
Torch angle—10 deg forward tilt 
Back-up bar—titanium 

Two types of shielding gas were 
used, argon and argon with 0 .1% 
oxygen. After welding, dye penetrant 
inspection was performed using the 
following procedure: (1) Contrast 

dye penetrant (MIL-1-25135, Group 
1) was brushed on the surface and 
allowed to stand a minimum of 5 
minutes; (2) the dye was wiped off 
with a damp cloth and a light, even 
coat of dye penetrant developer 
(MIL-1-25136, Group 1) was sprayed 
on the surface. 

Some weldments had approximately 
0.090 in. machined off the surface 
prior to penetrant inspection. Weld 
surfaces which were machined were 
dye penetrant inspected with and 
without prior caustic etching. A caus
tic etch removed smeared metal 
caused by machining. The etchant was 
Turco 4366-NAA (40% aqueous so
lution of sodium hydroxide). Parts 
were etched 15 minutes. The caustic 
solution was then neutralized with 
British Etch (aqueous solution of 
15% sulphuric acid and 10% sodium 
dichromate) followed by rinsing with 
deionized water. Parts were then dried 
and penetrant inspected. 

Weldment surfaces were examined 
over a magnification range of 6X to 
100X. Metallographic cross sections 
were made to define and characterize 
the severity of the weld defects 
causing penetrant indications. 

After typical surface weld defects 
had been created on sample 
weldments and were carefully an
alyzed as to their true nature, 
procedures were developed to mini
mize their occurrence on production 
parts. Also procedures were developed 
to remove surface defects which were 
less than 0.007 in. deep and to clearly 
distinguish between superficial defects 
(less than 0.007 in. deep) and severe 
weld defects of greater depth. 

Results and Discussion 

Surface defects were successfully 
created on the weld heat-affected zone 
of sample weldments which duplicated 
those observed on production parts. 
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(FUSION LINE; 

Fig. 1—Weld spatter and grain boundary cracks on the sur
face of a large grain size extrusion heat-affected zone. Un
etched. 32X 

These defects were then inspected by 
dye penetrant. Close examination of 
the indications revealed they were 
caused by three types of defects on 
the as-welded surface. The defects 
were identified as weld spatter, grain 
boundary cracks, and local arc-plasma 
impingement cracks, as shown in Fig. 
1 and 2. 

7 , 

Fig. 2—Local arc-plasma impingement cracks on the surface 
of the base metal heat-affected zone. Unetched. 8X 

Weld Spatter 

Weld spatter consisted of drops of 
metal which were spattered on the 
HAZ during GMA welding. The mol
ten drops cooled very rapidly as they 
hit the adjacent surface. Sometimes 
crevices were formed between these 
drops of metal and the surface and 
some of these crevices entrapped 
enough dye to produce dye penetrant 
indications. 

Grain Boundary Cracks 

The intergranular indications were 
found to be related to grain boundary 
melting and cracking. Several cross 
sections of these grain boundary 
cracks were examined and the depth 
was found to be less than 0.007 in. in 
all cases. The typical appearance on 
one of the most severe grain boundary 
cracks found is shown in Fig. 3. A 
light surface polish, Fig. 4 and 5, 
revealed that superficial melting had 
occurred on the surface of the heat-
affected zone as far away as 0.2 in. 
from the fusion zone. Since these indi
cations only occurred on the crown 
side of the weld it is believed that the 
arc plasma cone has a secondary 
heating zone extending out from the 
weld metal fusion zone. This second
ary heating zone is of sufficient inten
sity to cause superficial melting on the 
surface of the heat-affected zone. 
Melting of the grain boundaries ap
peared to have occurred to a depth of 
several thousandths of an inch. This 
melting, in conjunction with thermal 
strains and stresses on the surface of 

the weldment, resulted in cracks open
ing in the grain boundaries. 

Arc Plasma Impingement 

Small local areas containing radial 
cracks were observed on the surface 
of the heat-affected zone as much as 
V4-in. away from the weld bead. 
These cracks were found to be associ
ated with separate cast metal puddles 
formed in the heat affected zone, as 
shown in Fig. 6. It is believed that arc 
instability caused this localized surface 
melting. The molten puddles formed 
on the surface of the wrought alumi
num heat-affected zone tended to 
crack upon cooling, due to shrinkage 
cracking. This local surface melting 
due to arc instability is referred to 
here as an arc-plasma impingement 
defect. The difference between weld 
spatter and arc-plasma impingement is 
that weld spatter consists of molten 
drops of metal thrown onto the sur
face, whereas the arc-plasma impinge-

ment is actually a localized portion of 
the wrought aluminum base metal 
which has been melted as a result of 
sporatic arcing between the electrode 
and the surface of the heat-affected 
zone. The same type of arc-plasma 
impingement has been found to occur 
during ac GTA welding of aluminum 
alloy 6061 by Fish and Shira.1 

Indications on Machined Surfaces 

Dye penetrant indications were also 
found on extrusion weldments which 
had been surface machined after 
welding. Since surface machining 
would remove all of the previously 
discussed surface type defects this was 
believed to be a fourth type of indica
tion. The dye indications all occurred 
in grain boundaries in the heat affect
ed zone immediately adjacent (within 
Vie in.) to the fusion line, as shown 
in Fig. 7. Further investigation 
showed that portions of the grain 
boundaries which had melted as a 
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Fig. 3—Typical appearance of one of the most severe grain 
boundary cracks observed in the base metal heat-affected 
zone of a large grain size extrusion. The metallographic sam
ple was electroless nickel plated to maintain edge. Keller's 
Etch. 100X 
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Fig. 4—Typical appearance of grain boundary cracks on the 
surface of base metal heat-affected zone of a medium grain 
size extrusion. Light metallographic polish and Keller's Etch. 
8X 

Fig. 5—An enlarged view of the grain boundary cracks shown 
in Fig. 4. Evidence of eutectic melting can be seen at the 
grain boundaries and within the grains. Keller's Etch. 250X 

result of the high temperature pro
duced by welding were preferentially 
attacked by the caustic etch used prior 
to dye penetrant inspection. Current 
production methods require a 15 min
ute caustic etch to remove smeared 
metal prior to application of the dye 
penetrant. This etch attacked the 
melted portion of grain boundaries 
and also pitted the weld metal as 
shown in Fig. 8. These attacked grain 
boundaries were causing the dye pene
trant indications. The preferential 
chemical attack was less than 0.002 
in. deep. 

Procedures for Minimizing 
Occurrence of Indications 

The dye penetrant indications were 
caused by four different surface condi
tions; weld spatter, superficial surface 
grain boundary melting and cracking, 
local arc plasma impingement, and 
etching out of melted portions of 
grain boundaries. All of these defects 
were less than 0.007 in. deep which is 
less than the critical crack length for 

either weld or parent metal 2014. 
None of these conditions were found 
to affect the static tensile properties. 
However, it is important to eliminate 
or minimize these types of surface 
conditions so that real weld defects 
such as severe cracks can be clearly 
distinguished. 

Arc Stability 

Weld spatter and arc-plasma im
pingement are a result of an unstable 
welding arc. The most effective meth
od of eliminating these superficial de
fects is to eliminate the cause by 
stabilizing the welding arc. Previous 
work at Douglas2 has indicated that a 
0 .1% oxygen addition to the argon 
shielding gas produces a marked in
crease in arc stability when GMA 
welding 2014 aluminum. It was be
lieved that an oxygen addition would 
not only minimize these two defects 

WELD BEAD 

Fig. 8—Preferential caustic etch attack 
at grain boundaries which had melted 
adjacent to the fusion zone. The dye 
penetrant was removed from the surface 
shown in Fig. 7 and a high magnifica
tion photograph was taken of one of the 
grain boundaries. 100X 

« 

DYE INDICATIONS 

FUSION LINE 

Fig. 6—A typical cast metal puddle was formed in the heat-
affected zone as a result of sporadic arcing between the elec
trode and the surface of the heat-affected zone. This condi
tion is known as local arc-plasma impingement. Keller's Etch. 
100X 

Fig. 7—Dye penetrant indications on a machined weldment 
surface. These conditions occurred within 1/16 inch of the 
fusion line. 5X 
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Fig. 9—Grain boundary cracks on the surface of a fine grain 
extrusion heat-affected zone. These cracks were too small to 
result in dye pentrant indications as compared to larger 
grain boundary cracks in the large grain extrusion shown 
in Fig. 1. 32X 

but also reduce surface grain bound
ary cracking. 

To evaluate the effect of arc stabili
ty on the severity of surface grain 
boundary cracks in .the heat-affected 
zone, several weldments were made 
with conventional arc (pure argon 
shielding gas) and a stabilized arc 
(argon with 0 .1% oxygen shielding 
gas). Inspection of 20-in. long 
weldments showed that approximately 
30 dye penetrant indications appeared 
on the surface of a large grain size 
extrusion weldment which had been 
welded with the conventional argon 
(unstabilized) arc. Only two indica
tions appeared on similar material 
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which had been welded using a stabil
ized arc. These two indications were 
not related to local arc-plasma im
pingement but to grain boundary melt
ing and cracking immediately adja
cent to the fusion zone. Welds made 
with medium grain extrusions showed 
similar results. Ten indications were 
found on welds made with a conven
tional arc and none on stabilized arc 
welds. 

These results indicate that superfi
cial surface defects can be reduced by 
using a stabilized arc such as can be 
obtained by the addition of 0 .1% 
oxygen in the argon shielding gas mix
ture. Wroth's test results indicate that 
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Fig. 10—Comparsion between melted grain boundaries of a large grain extrusion, 
(left) and a fine grain extrusion (right). The wider band of melted constituents in 
the grain boundary of the large grain extrusion is susceptible to a more severe 
preferential caustic etch attack. Keller's Etch. 500X 

there is no tensile property loss as a 
result of using a shielding gas mixture 
containing 0 .1% oxygen.2 Other 
methods can also be used to help 
stabilize the arc. Fish and Shira found 
a shorter arc length and lower heat 
input to be effective.1 

Another method found successful 
for minimizing undesirable surface de
fects is by using the direct current 
GTA welding process rather than 
GMA. Direct current GTA weldments 
made during the course of this investi
gation showed none of these undesir
able surface defects. 

Grain Size 

Superficial surface grain boundary 
melting and cracking were not en
countered in welded aluminum sheet 
to the extent that it resulted in dye 
penetrant indications. However, indi
cations were found on welded ex
trusions and they appeared to be 
related to extrusion grain size. Welds 
were made in lengths of extrusions 
having nominal grain sizes of 0.01, 
0.12 and 0.25 in. The following indi
cations were observed over 20-in. 
lengths of three different extrusions: 
Approximately 30 indications for the 
largest grain extrusion, approximately 
10 indications for the medium grain 
extrusion and none for the fine grain 
extrusion. Subsequent macroscopic ex
amination revealed some grain bound
ary cracking in all extrusions. Cracks 
in the fine grained extrusions were 
extremely small as shown in Fig. 9. 

The surface grain boundary cracks 
which occurred in the heat-affected 
zone of large grained material were 
generally wider and deeper than those 
in fine-grained material. The former 
were of sufficient size and shape to be 
detected by dye penetrant inspection, 
whereas the grain boundary cracks 
observed on the surface of fine grain 
extrusions and sheets were too small 
to hold enough dye to produce pene
trant indications. The reason for the 
differences in crack width is believed 
to be a result of localized surface 
heating of the heat affected zone by 
the arc plasma. This heating causes 
thermal expansion at the surface which 
in turn produces thermal strains. These 
surface strains cause wider cracks in 
large grain material than in fine be
cause there are fewer total grain 
boundaries present over which the 
strain can be distributed. Not only 
were the grain boundary cracks deeper 
in large grain material but many more 
indications occurred on the heat-
affected zone of the large grain extru
sions than on those with medium or 
fine grain. 

These results suggest that the best 
method for reducing the number of 
dye penetration indications resulting 

488-s I N O V E M B E R 1971 



from superficial grain boundary melt
ing and cracking on the surface of 
the heat-affected zone is to use fine 
grain material. It has been found that 
a weldment made with an extrusion 
having an original grain size less than 
0.1-in. very seldom showed dye pene
trant indications from grain boundary 
melting and cracking. 

Caustic Etching Time 

The penetrant indications found ad
jacent to the fusion line of extrusions 
which had been machined after weld
ing were found to be influenced by 
both extrusion grain size and length of 
pre-penetrant caustic etch time. 

The preferential chemical attack by 
the caustic etch on a machined sur
face was more severe on grain bound
aries of large grain material than on 
those of fine grain material. The grain 
boundaries of large grain material 
when subjected to the high tempera
tures reached immediately adjacent to 
the fusion zone contain a wider band 
of melted constituents than correspond
ing fine grain boundaries as shown in 
Fig. 10. It is these melted constituents 
which provide a high chemical poten
tial difference between the grain 
boundary area and the grain. There
fore, these areas are etched deeper in 
large grain material. As expected, in
creased etch time also increased the 
size of the etched grain boundaries as 
shown in the photo sequence of Fig. 
11. Not only was melted grain bound
ary etched away more severely with 
increased etch time, but it was found 
that the number of dye penetrant 
indications increased with increased 
etch time. The machined surface of a 
2-ft. length of the large grain ex
trusion weldment was dye penetrant 
inspected after a 3 minute etch, a 15 
.minute etch and a 30 minute etch. No 
indications were observed after the 3 
minute etch. Eight indications were 
detected after the 15 minute etch and 
twenty indications were observed after 
the 30 minute etch. 

The logical approach to minimizing 
the occurrence of this type of dye 
penetrant indications therefore ap
peared to be to reduce the caustic 
etch time as much as possible without 
reducing its effectiveness. The purpose 
of the etch prior to dye penetrant 
inspection is to remove any smeared 
metal that may have resulted from 
post-weld processing. Mechanical proc
esses that might cause smearing in
clude removing of the weld smut, 
trimming the weld beads, or machin
ing weldment surfaces. It was believed 
that an etch period much less than the 
currently used 15 minutes would be 
sufficient to remove all smeared metal 
caused by post-weld processing. To 
determine a suitable and effective re-

Fig. 11. Effect of caustic etch time on preferential 
attack on melted grain boundaries adjacent to 
the fusion zone. Sample was a polished cross-
section of a large grain extrusion weldment. The 
degree of pitting in the melted grain boundaries 
and in the weld metal increased with increased 
etch time. 50X. (top) 5 minute caustic etch did 
not reveal dye penetrant indications; (middle) 
15 minute caustic etch did reveal dye penetrant 
indications; (bottom) 30 minute caustic etch did 
reveal dye penetrant indications. 
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duced etch time period, fatigue cracks 
approximately 0.6 in. long were in
duced in several weld specimens. The 
fatigue cracks were induced in the 
weld metal using procedures de
veloped by Yen and Pendleberry.3 A 
deliberate attempt was then made to 
smear as much metal as possible over 
the crack, using typical production 
tools. The surface of each specimen 
was dye penetrant inspected and then 
etched for 1 or 2 minute intervals and 
reinspected until the dye penetrant 
appearance was equal to that on the 
original fatigue crack with respect to 
crack length and continuous dye indi
cations. Results of these tests are 
shown in Table 1. It was found that a 
3 minute etch period (40% caustic 
etch) was sufficient to remove all 
smeared metal produced by conven
tional post weld mechanical oper
ations. The one exception, metal 
smeared by bench model, power wire 
brushing, is not permitted on alumi
num weldments. 

Two methods were found to mini
mize superficial indications caused by 
etched grain boundaries. The use of 
small grain (less than 0.10 in.) ex
trusions is preferable since it also min
imizes superficial surface grain bound
ary cracks. The second method is to 
reduce the pre-penetrant caustic 
etching time to the minimum neces
sary to remove smeared metal. A 
3-minute etch period was found ade
quate when using a 40% caustic etch. 

Procedure for Removing 
Superficial Surface Defects 

The surface conditions previously 
discussed cause misleading dye pene
trant indications. Even after taking 
proper precautions to minimize these 
misleading indications some may still 
occur on production weldments. To 
remove these superficial surface con
ditions and determine whether they 
are or are not real weld defects, the 
following procedure was developed 
and has been used very successfully: 
Hand polish the local surface condi
tion with 320 grit silicon carbide pa
per or remove defect with a small 
fluted dentist drill and examine the 
area using dye penetrant procedures 
without a caustic pre-etch. (It has 
been found that this procedure will 
not smear the metal enough to pre
vent the penetrant from revealing a 
real weld defect). If the indications 
still appear then repeat until at least 
0.007 in. total material has been re
moved. If the indications still appear 
then the defect is not superficial and 
further investigation must be conduct
ed to determine its true nature and 
severity. In general the surface condi
tions described in this paper do not 
exceed 0.007 in. maximum depth. 

Conclusions and 
Recommendations 

Some dye penetrant indications on 
the heat-affected zone of 2014-T6 

Table 1—Caustic Etching Time Required to Reveal the Original Length of the 
Dye Penetrant Indication Observed on a Fatigue Crack 

Caustic etching time 
required to reveal the 
original length of the 

dye penetrant 
indication Test no. Method of smearing weld metal surface* 

1 320 grit silicon carbide polishing paper 
2 180 grit silicon carbide polishing paper 
3 Dentist dr i l l : He dia.—10 flutes 
4 Dentist dr i l l : H 6 dia.—10 flutes + rubber tip 

blend out 
5 Hand scraper 
6 End mill—slow speed 
7 Weld bead trimmer, "lawn mower" 

(Longitudinal and transverse to crack) 
8 Fine hand file 
9 Coarse hand file 

10 Fine wire brush, 450 stainless steel (hand) 
11 Heavy wire brush (power hand tool) 
12 Heavy wire brush wheel (power bench type with 

very heavy pressure) 

None 
None 
None 
3 minutes 

1 minute 
None 
3 minutes* 

None 
3 minutes 
1 minute 
3 minutes 

13 minutes 

• A deliberate attempt was made to smear as much metal as possible by sanding and 
f i l ing transverse to the fatigue crack, smearing with worn polishing paper and heavy pres
sure, and by using heavy pressure for f i l ing and wire brushing. 

** An intermit tent indication greater than 90% crack length was revealed with no etch. 

aluminum GMA weldments are 
caused by superficial surface condi
tions which are less than 0.007 in. 
deep. These surface conditions include 
superficial grain boundary melting and 
cracking, weld spatter, local arc-
plasma impingement, and grain 
boundaries which have been preferen
tially attacked by the caustic etch used 
prior to dye penetrant inspection. The 
following methods for eliminating or 
minimizing these superficial defects 
are recommended: 

1. Stabilization of the arc when 
using the GMA welding process to 
minimize spatter and arc-plasma im
pingement. 

2. Utilization of direct current 
GTA weld procedures, where practi
cable, to minimize spatter, arc-plasma 
impingement, and grain boundary 
melting and cracking. 

3. Reduction of the pre-dye pene
trant caustic etch time to between 3 
and 5 minutes. 

4. Use material having an original 
grain size less than 0.1-in. maximum 
dimension. 

5. If a dye penetrant indication is 
observed, polish the local surface con
dition with 320 grit silicon carbide 
paper or remove defect with a small 
fluted dentist drill. Then examine the 
area using dye penetrant procedures 
without a caustic pre-etch. If the indi
cation still appears after 0.010 in. 
have been removed further investiga
tion must be conducted to determine 
the true nature of the weld defect. 
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Memo to AWS Members and Friends . . . The Third International AWS-WRC Brazing Con
ference will be held during the 53rd Annual Meeting of the American Welding Society 
in Detroit, Michigan, April 10-14, 1972. 
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