
Laser Beam Welding of Titanium 

The influence of different cleaning techniques on the properties 
in the fusion zone of Ti weldments was investigated 

BY P. E. DENNEY A N D E. A. METZBOWER 

ABSTRACT. Laser beam welding of com
mercially pure titanium and Ti-6AI-4V has 
been studied using two different weld 
preparation techniques. The weld prepa
ration consisted of two different proce
dures: 1) an acetone wipe, followed by 
an etch in 3% HF-HNO3 solution, rinsing in 
distilled water and alcohol, and drying 
with nitrogen gas; or 2) an acetone wipe, 
rinsing in distilled water, and drying with 
nitrogen gas. Mechanical property tests 
(yield, ultimate strengths, elongation and 
reduction-in-area, as well as Charpy V-
notch tests), microstructural analysis and 
microhardness measurements across the 
weldment were completed. The effect of 
oxygen pickup in the fusion zone was 
related to the Charpy V-notch energy 
values and the cleaning technique. The 
surface preparation technique did not 
affect the oxygen content in the weld
ment. The variation of mechanical prop
erties through the thickness of the weld
ment was also investigated. There was 
not a significant difference in the 
mechanical properties through the thick
ness of the plates of the Ti-6Al-4V. 

Introduction 

Industrial utilization of lasers for materi
al processing is on the rise. Much of this 
increase is occurring in conventional 
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materials and in thin sections. However, 
higher-power lasers, which have deeper 
penetration capabilities, have opened the 
way for the use of lasers to weld thicker 
plates and more nonconventional 
materials. One such use is the welding of 
titanium alloys. Titanium alloys are noted 
for being difficult to weld conventionally 
and, when welded by the electron beam 
process, have the inconvenience of the 
vacuum system (Refs. 1, 2). A high energy 
density and a low heat input are charac
teristics of laser beam welding. However, 
the rapid solidification and quench associ
ated with these characteristics affects the 
microstructure and in turn the properties 
of the weld (Ref. 3), whereas welding in 
the atmosphere and specimen prepara
tion influence the chemical composition 
of the fusion zone and its mechanical 
properties (Refs. 1, 4). The goal of this 
paper is to determine if there were any 
variations in the mechanical properties of 
the Ti-6AI-4V laser beam weldments 
through the thickness of the plate and to 
determine if specimen preparation influ
enced the toughness of commercially 
pure Ti. 

Procedure 

The titanium alloys that were used in 
this study were Ti-6AI-4V and industrially 
pure titanium, also known as ASTM B265-
58T, Grade 5 and B265-58T, Grade 2, 
respectively. The composition of the 
plates used are given in Table 1. The 
titanium plates were 12.5 mm (0.5 in.) in 
thickness and were welded on square 
groove butt joints. Preparation of the 
weld surface of the plates was the same 
for all plates except those that were 
referred to as "uncleaned" plates and/or 
welds. The preparation consisted of an 
acetone wipe to remove dirt and grease 
from the machining of the edges fol
lowed by an etch in 3% hydrofluoric-
nitric acid etching solution. This was done 

to remove the titanium oxide plus hydro
carbon-embedded contaminants from 
the surface. Time in the etchant was 
approximately 15 min, after which time 
the plates were rinsed in distilled water 
and alcohol and dried with nitrogen gas. 
This was done within five min of welding 
to minimize the amount of oxide buildup 
on the weld surfaces. 

The laser that was used was a 15-kW 
continuous-wave (CW) C 0 2 laser. The 
welds were made using an output power 
of 13 kW with a travel speed of 11 mm/s 
(25 ipm). Plasma suppression was pro
vided by a helium cross flow, which was 
accompanied by a top and bottom 
shielding gas of helium. Alignment of the 
weld joint was accomplished using a 
helium-neon (HeNe) laser, which was 
coincidental with the C 0 2 laser. Follow
ing welding, the plates were radio
graphed to determine the amount of 
internal defects such as porosity and 
cracking. Material found to be acceptable 
was then cut into specimens for metallo
graphic, tensile and Charpy evaluation. 

The Ti-6AI-4V plates were laser beam 
welded and specimens made for tensile 
tests according to AWS 252 specifications 
(Ref. 5) (transverse to the weld). In addi
tion, subsize flat tensile specimens were 
made transverse to the weld with the 
location of the specimens being from the 
top, middle and bottom of the weld
ment. These specimens were based on 
ASTM A370 subsize specification. The 
specimens were designed to determine if 
there were any variations in the mechan
ical properties of the weld through the 
thickness. To guarantee that the failure 
occured in the weld material, a reduced 
section was made in the fusion zone. The 
radius of curvature was 4 mm (0.1575 in.) 
and was made to a depth of 0.71 mm 
(0.03 in). This produced a reduced sec
tion that completely contained the fusion 
zone of the narrowest part of any weld, 
which, in this case, was from the bottom 
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Table 1—Chemistry of the Two Titanium Alloys 

C N Fe 

TF6AI-4V 0.02 0.014 0.18 
Ti 0.01 0.012 0.03 

Al 

6.3 

— 

V 

3.8 

— 

O 

0.193 
0.146 

H (ppm) 

102 
36 
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region of the weld. Similar reductions in 
dimensions were made on the AWS 252 
specimens in both welded and base plate 
material. In addition to the tensile tests, 
Charpy V-notch tests were also con
ducted. The specimens were made 
according to AWS specifications with the 
notch perpendicular to the plate surface 
and the notch pointing in the welding 
direction. The Charpy V-notch test was 
used for a rough comparison between 
the weld material properties versus those 
of the base plate. The Charpy test was 
not chosen to determine the exact tough
ness or Kic of the material, which could 
be obtained through other tests, such as 
the compact tension. 

The second area of interest was in the 
effect of specimen preparation on the 
mechanical properties and toughness val
ues of the welds in pure titanium. In these 
welds, half of them had their edges 
prepared in the fashion described above, 
whereas the other half were only cleaned 
with acetone and water, and then dried 
in nitrogen. Welds were made in both 
groups of plates using the same welding 
parameters. After welding, the welds 
were radiographed to determine porosi
ty and cracks. No difference between the 
clean and unclean welds was detected 
by the radiography. The AWS 252 speci
mens and Charpy V-notch specimens 
were machined from areas of the welds 
that were acceptable. Charpy specimens 
were again made to produce a compari
son between the weld and the base 
plate. 

Results 

The oxygen content in the pure titani
um specimens was determined to com
pare the effect of variations in edge 

Macrostructure of welded Ti 6-4 
Z Direction 

preparation on the quantity of oxygen 
increase in the fusion zone. The results 
were that the welds that had been 
"cleaned" with the etchant had an aver
age oxygen content of 2070 ppm, 
whereas the welds that had no edge 
preparation, except for grease removal, 
had an average oxygen content of 2024 
ppm. Chemical analysis of other elements 
was not carried out. 

The macrostructure of the Ti-6A1-4V 
welds showed a change in prior beta 
grain orientation with location through 
the thickness of the weld —Fig. 1. In the 
top region of the weld, the grains appear 
equiaxed, but this may be an artifact 
resulting from the sectioning. The true 
path of the grains was from the side walls 
extending toward the center of the top 
bead. In the middle of the plate, the 
grains are "swept" in the weld direction, 
whereas in the bottom of the weld, the 
grains are oriented perpendicular to the 
fusion wall and extend to the centerline 
of the weld. The microstructure of the 
Ti-6Al-4V base plate exhibited an alpha 
titanium structure with intergranular beta 
phase (Fig. 2), whereas the base plate of 
pure titanium was an equiaxed alpha 
microstructure —Fig. 3. The heat-affected 

Fig. 1-
Macrostructure of 
TI-6AI-4V laser weld 
at different depths 
through the 
thickness of the 
plate. Note the size 
and shape of the 
prior beta grains 
especially at the top 
and bottom of the 
weld (Kroll's etchant) 

zone (HAZ) of the pure titanium weld 
was a fine serrated alpha-Fig. 4. The HAZ 
of the Ti-6AI-4V was a mixture of primary 
alpha and transformed beta containing 
acicular alpha —Fig. 5. The weld zone of 
the pure titanium contained a large 
amount of serrated alpha and areas of 
acicular alpha in both the "clean" (Fig. 6) 
and "unclean" (Fig. 7) fusion zones, 
whereas the Ti-6AI-4V microstructure 
was a large-grain, transformed beta struc
ture containing acicular alpha— Fig. 8. 

The microhardness profiles across the 
weldments indicated that in the fusion 
zone there was an increase in hardness 
for alloys. In the HAZ of the Ti-6AI-4V 
welds (Fig. 9), the hardness increased, 
while in the pure titanium welds, the 
hardness in the HAZ showed a slight 
decrease — Fig. 10. No variations were 
observed between the microhardness of 
the "cleaned" and "uncleaned" pure tita
nium welds. 

The mechanical properties of the base 
plate material and the welds are listed in 
Table 2. This table indicates that there 
is little difference between the yield 
strength (YS) and the ultimate tensile 
strength (UTS) of the base plate of Ti-
6AI-4V and the laser beam welds. How-

Microstructure of Ti 6-4 
Base Plate 

9vV 

Microstructure of Ti Pure 
Base Plate 

Fig. 2—Microstructure of TI-6AI-4V base plate. Structure is alpha with 
intergranular beta (Kroll's etchant) 

Fig. 3 —Micrograph of Ti base plate showing equiaxed alpha structure 
(Kroll's etchant) 
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Microstructure of Ti Pure 
HAZ 

Fig. 4—Serrated alpha microstructure of HAZ of Ti laser weld (Kroll's 
etchant) 

Microstructure of Ti 6-4 
HAZ 
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fig. 5 —Primary alpha and transformed beta containing acicular alpha in 
HAZ of TI-6AI-4V laser weld (Kroll's etchant) 

Microstructure of Ti Pure 
Cleaned Fusion Zone 

Fig. 6 —Microstructure of fusion zone of "clean" Ti laser beam weld is 
serrated alpha and acicular alpha (Kroll's etchant) 

Microstructure of Ti Pure 
Uncleaned Fusion Zone 
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Fig. 7—Microstructure of fusion zone of "unclean" Ti laser beam weld is 
serrated alpha with areas of acicular alpha (Kroll's etchant) 

ever, there was a considerable decrease 
in the reduction in area (RA) and elonga
tion (EL) in the laser welds. This was not 
the case in the pure titanium welds. In 
both the clean and unclean welds, the 

reduction in area and elongation were 
approximately equal to the values of the 
base plate —Table 2. In all of these weld 
specimens, the failures occurred outside 
of the fusion zone. When the reduced 

Table 2—Mechanical Properties 

Ti-6AI-4V base T-L 
L-T 

Ti-6A|-4V weld 
Ti base T-L 

L-T 
Ti clean weld 
Ti unclean weld 

of Plate and Welds From Standard AWS 252 Specimens 

YS 
(MPa) 

1006 
948 
992 
361 
333 
361 
358 

UTS 
(MPa) 

1070 
1017 
1047 
474 
479 
468 
463 

RA Elong. 
(%) (%) 

40.0 17.4 
41.5 15.9 

9.3 6.7 
67.5 28.0 
60.5 30.3 
71.8 21.6 
72.3 22.4 

section specimens were made and test
ed, the results were slightly different — 
Table 3. In the case of the Ti-6AI-4V 
welds, the yield and ultimate tensile 
strength of the welds were lower than 
those of the base plate material. The 
values of the reduction in area and elon
gation remained low. In addition to the 
standard 25-mm (1-in.) elongation length, 
the elongation was also computed 
assuming that all of the strain occurred in 
the reduced section. This change in the 
computation of the elongation made the 
elongation values for the reduced section 
specimens approximately equal to the 
elongation values for the standard speci
mens—Table 2. In the case of the pure 
titanium welds, the values of elongation 
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Microstructure of Ti 6-4 
Fusion Zone 
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Fig. 8—Microstructure of laser beam weld is large grain, transformed 
beta structure containing acicular alpha (Kroll's etchant) 
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Fig. 9 —Plot of microhardness across laser beam weld of TI-6AI-4V 

from the reduced cross-section speci
mens were slightly higher than those 
from the standard specimens. However, 
there was a substantial decrease in the 
values of reduction in area in the reduced 
section specimens as compared to the 
standard specimens. 

In the subsized ASTM A370 specimens, 
there were only slight variations in the 
mechanical properties —Table 4. The 
yield strength and ultimate tensile 
strength values for the specimen from 
the bottom of the weldment averaged 
lower but did have a higher value of 
reduction in area. The specimens from 
the top and middle of the weldments had 
yield strengths and reduction-in-area val
ues that were approximately the same 
but showed a variation in the values of 
ultimate tensile strength and elongation. 
The results should be compared to those 
from the 252 base-plate specimens and 
welds, which had equally reduced sec
tions. 

Table 3—Mechanical Properties 

TF6A1-4V base T-L 
L-T 

Ti-6AI-4V weld 
Ti base T-L 

L-T 
Ti clean weld 
Ti unclean weld 

of Plate and Welds From Reduced Sections 

YS 
(MPa) 

1276 
1286 
1178 
494 
458 
545 
542 

UTS 
(MPa) 

1305 
1299 
1254 
567 
586 
613 
596 

RA 

(%) 
23 
18 
3 

52 
50 
31 
33 

Elong. (%) 
25 mm 

6 
6 
1 
8 
9 
8 
7 

Elong. (%) 
8 mm 

17 
18 

5 
27 
29 
25 
23 

The Charpy V-notch values are plotted 
as a function of temperature in Figs. 11 
and 12. In the welds of Ti-6AI-4V there 
was a noticeable drop in these values 
with decreasing temperature —Fig. 11. At 
room temperature (approximately 20°C/ 
68°F), the Charpy values of the weld 
were equal to the value of the base plate 
but quickly decreased until —17°C (1°F) 
where it reaches a lower level, which 
continues to - 5 0 ° C (-58°F). In the case 

of the pure titanium, there was a substan
tial difference in the Charpy values in the 
base plate T-L (notch in the transverse, 
specimen in the longitudinal direction) 
and the L-T directions (notch in the longi
tudinal, specimen in the transverse direc
tion)—Fig. 12. The welds, which were 
welded along the longitudinal direction of 
the plate as determined by the rolling 
direction, had Charpy values nearly equal 
to those of the base plate values in the 
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10—Microhardness traverse of Ti laser beam weld 
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Fig. 11 — Charpy V-notch values as a function of temperature for base 
plate and laser beam welds of TI-6AI-4V 
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L-T direction down to —17°C. Below this 
temperature, the unclean welds had 
Charpy values below those of the base 
plate and the clean welds. 

Discussion 

The chemical analysis indicated that 
there was no apparent effect on the 
oxygen content based on the prepara
tion method used. This indicates that the 
oxygen increase results not so much from 
the removal of the oxide film as from the 
laser beam welding process itself. This 
would indicate that air is aspirated into 
the molten pool despite the helium 
shielding gas. Another explanation is that 
the oxide layer is replaced before weld
ing can occur. This certainly is a possibili
ty. The reason for the difference in the 
Charpy values between the clean and 
unclean welds at low temperatures is not 
readily apparent, and may or may not be 
related to oxygen content. 

In the mechanical properties versus 
specimen location in the Ti-6Al-4V welds, 
there is close agreement with known 
correlations. With increasing beta grain 
size, there is a decrease in the ductility of 
the weld metal (Refs. 2, 6, 7). The beta 
grain size will be determined by the 
amount of supercooling, which will be 
greatest at the bottom of the weldment. 
In the case of the subsized specimens, the 
specimens with the highest reduction in 
area and elongation occurred in those 
taken from the bottom of the weld, 

which also had the smallest grain size. 
The effects of beta grain orientation on 
the ductility of the fusion zone cannot be 
answered unequivocably. 

The results of the reduced cross-
sectional areas in the fusion zones are 
interesting in that the values obtained 
were true material properties and not 
properties of the weldment. In the testing 
of welds, especially high-power density 
welds such as laser and electron beam 
welds, when standard AWS 252-type 
specimens are used, the failure, in most 
cases, occurs in the base plate. The 
results from these tests then describe the 
properties of the weldment and not the 
fusion zone. In some cases, there is a 
positive difference between the two 
results, meaning that the weldment 
appears to have a higher yield and ulti
mate tensile strength than the fusion 
zone as is the case of the pure titanium 
welds —Tables 2 and 3. But for the Ti-
6AI-4V alloy there is a negative difference 
between the standard and reduced area 
specimens. In Table 2 it is seen, based on 
the standard 252 specimens, that the 
yield and ultimate tensile strength of the 
weldments are between the values of the 
different base plate orientations. In these 
specimens, failure occurred in the base 
plate. In Table 3 the results from the 
specimens with the reduced cross-sec
tions in the fusion zone indicate that the 
fusion values are below those of the 
weldment. The cause for the failure in the 
base plate rather than in the fusion zone, 

Table 4— 

Ti-6A!-4V 

Ti-6AI-4V 

Mechanical Properties of Plate and Welds From Subsized Specimens 

YS 
(MPa) 

base 1145 
weld 1146 

YS 
(MPa) 

top 1071 
middle 1074 
bottom 1041 

Reduced Center Section AWS 252 
UTS RA Elong. 

(MPa) {%) (%) 25 mm 

1204 
1207 

UTS 
(MPA) 

1156 
1119 
1120 

30.3 
19.3 

5.4 
4.9 

Reduced ASTM A370 
RA Elong. 
(%) (%) 25 mm 

13.0 
12.5 
20.0 

3.7 
2.8 
3.9 

Elong. 
(%) 8 mm 

17.0 
15.0 

Elong. 
(°o) 8 mm 

11.9 
9.0 

12.4 

which has lower yield and ultimate tensile 
strength values, may be related to 
changes in the ductility difference 
between the base plate and the fusion 
zone. As the load is applied, the yield 
strength of the fusion is passed first, and 
the reduction in area of the fusion zone 
starts. Since the fusion zone is less ductile 
(much higher hardness values) than the 
base plate, little necking occurs. Since 
little necking occurs, the local stress does 
not increase and local failure does not 
occur. Rather, the load continues to rise 
in the specimen until the yield strength of 
the base plate is reached, at which point 
necking occurs. Since the ductility of the 
base plate is high, the base plate contin
ues to neck, and the local stress increases 
until failure occurs in the base plate. 

Conclusions 

The conclusion of these two studies 
into laser beam welding of titanium alloys 
are as follows: 

1) The preparation of the surface to 
be welded does not affect the oxygen 
content in the titanium welds. The Char
py V-notch values at low temperatures 
are reduced and this may or may not be a 
result of the edge preparation. 

2) At different depths in the thickness 
of the weldment, there is little difference 
in the yield strength or ultimate tensile 
strength of the weldment. There is a 
correlation between beta grain size and 
ductility. 

3) Variations were noted between 
standard specimen results and specimens 
that had reduced cross-sections in the 
fusion zone. These results can be 
explained by the differences in the ductil
ity of the weld and base metal. 
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Long-Range Plan for Pressure Vessel Research—Eighth Edition 
By the Pressure Vessel Research Committee 

The PVRC Long-Range Plan is a listing of problems in the field of pressure vessel research and 
development that is updated every three years. It is not intended to be a listing of problems which are to 
be solved solely by the PVRC. Within the limited budget of the PVRC, many of the problems will be 
investigated. Some studies will indicate that much more work is needed; others will show that no further 
work should be undertaken or that additional work should be done by those organizations that will 
benefit directly. Some of the problems listed in the PVRC Long-Range Plan can be accomplished in part 
or in total by organizations other than PVRC, such as MPC, AISI, and the Japanese PVRC. 

Publication of this bulletin was sponsored by the Pressure Vessel Research Committee of the Welding 
Research Council. The price of WRC Bulletin 327 is $20.00 per copy, plus $5.00 for postage and handling. 
Orders should be sent with payment to the Welding Research Council, Suite 1301, 345 E. 47th St., New 
York, NY 10017. 

WRC Bulletin 328 
November 1987 

This bulletin contains two reports covering related studies conducted at The University of Kansas 
Center for Research, Inc., on the CTOD testing of A36 steel. 

Specimen Thickness Effects for Elastic-Plastic CTOD Toughness of an A36 Steel 
By G. W. Wellman, W. A. Sorem, R. H. Dodds, Jr., and S. T. Rolfe 

This paper describes the results of an experimental and analytical study of the effect of specimen size 
on the fracture-toughness behavior of A36 steel. 

An Analytical and Experimental Comparison of Rectangular and Square CTOD Fracture Specimens of an 
A36 Steel 
By W. A. Sorem, R. H. Dodds, Jr., and S. T. Rolfe 

The objective of this study was to compare the CTOD fracture toughness results of square specimens 
with those of rectangular specimens, using equivalent crack depth ratios. 

Publication of these reports was sponsored by the Subcommittee on Failure Modes in Pressure Vessel 
Materials of the Pressure Vessel Research Committee of the Welding Research Council. The price of 
WRC Bulletin 328 is $20.00 per copy, plus $5.00 for postage and handling. Orders should be sent with 
payment to the Welding Research Council, Suite 1301, 345 E. 47th St., New York, NY 10017. 

WRC Bulletin 329 
December 1987 

Accuracy of Stress Intensification Factors for Branch Connections 
By E. C. Rodabaugh 

This report presents a detailed examination of the stress intensification factor (SIF) formulations for 
perpendicular branch connections that are specified in American standard codes for use in the design of 
industrial and nuclear Class 2 and 3 piping systems. 

Publication of this report was sponsored by the Subcommittee on Piping. Pumps and Valves of the 
Pressure Vessel Research Committee of the Welding Research Council. The price of WRC Bulletin 329 is 
$20.00 per copy, plus $5.00 for postage and handling. Orders should be sent with payment to the 
Welding Research Council, Suite 1301, 345 E. 47th St.. New York, NY 10017. 
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