
Dissimilar Alloy Laser Beam Welding of 
Titanium: Ti-6AI-4V to Beta-C™ 

The results from welding the dissimilar alloys with a C02 laser indicate 
it to be an attractive alternative to GTA welding 

BY P. S. LIU, W. A. BAESLACK III AND J. HURLEY 

ABSTRACT. CO, laser beam welds were 
produced between Ti-6AI-4V and Beta-
C™ sheet. Three different nominal fusion 
zone chemical compositions were ob
tained by varying the laser beam location 
relative to the joint centerline and 
thereby melting different quantities of 
each base metal. Fusion zone mi
crostructures exhibited fine, columnar-
shaped beta grains comprised of re-
tained-beta phase and martensite, with 
the proportion of martensite increasing 
with an increase in the quantity of Ti-6AI-
4V nominally in the fusion zone. The lo
cation of these phases within the fusion 
zone was influenced by macrosegrega
tion, which originated from incomplete 
mixing of the melted base metals and the 
occurrence of transverse-solute banding 
during sol idif ication. Postweld aging 
heat treatment at 482°C/20 h and 
538°C/8 h resulted in extremely fine 
alpha precipitation within the retained-
beta phase regions and tempering of the 
martensite. These fusion zone mi
crostructures exhibited high hardnesses 
and strengths superior to those of the Ti-
6AI-4V and Beta-C base metals [i.e., 
100% joint efficiency was obtained), but 
low ductility (< 2.5%). An increase in the 
aging temperature to 593°C promoted fu
sion zone transformation to a coarser in
tragranular and grain-boundary alpha + 
beta microstructure, which exhibited a 
strength superior to those of the base met
als and acceptable ductility. Variations in 
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the proportions of T-6AI-4V and Beta C 
within the weld fusion zone generally 
had a minimal effect on the average hard
ness and ductility. For comparable post
weld aging conditions, the laser welds 
exhibited ductilities superior to those of 
coarse-grained gas tungsten arc welds. 
Fracture analysis of the weld zone re
vealed a transition from predominantly 
transgranular fracture in the low-temper
ature aged conditions to increasingly in
tergranular fracture fol lowing aging at 
higher temperature. This transition was 
promoted by an increase in the thickness 
and continuity of alpha phase at beta 
grain boundaries. 

Introduction 

Beta-C™ is a metastable-beta titanium 
alloy (nominal composition: Ti-3wt-%AI-
8wt-%V-6wt-%Cr-4wt-%Mo-4wt-%Zr) 
which can be thermo-mechanically 
processed and heat treated to provide ex-
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cellent combinations of strength, ductil
ity, and fracture toughness. The alloy 
contains the beta-isomorphous elements 
V and Mo and the sluggish beta-eutec-
toid element Cr at levels which depress 
the beta transus temperature to approxi
mately 750°C (1382°F) and promote re
tention of the high-temperature beta 
phase on air cooling. Solution heat treat
ment above the beta transus temperature 
(787°-870°C) followed by aging at tem
peratures approximately 150° to 250°C 
(302°-482°F) below the beta transus 
temperature promote the precipitation of 
a fine distribution of alpha phase in a 
beta phase matrix. 

A previous gas tungsten arc (GTA) 
weldability study (Ref. 1) showed the as-
welded fusion and near-HAZ regions to 
be characterized by low-strength, re-
tained-beta phase microstructures. Post
weld aging at temperatures from 482° to 
593°C (900°-1100°F) provided a wide 
range of weld zone strength levels and 
high joint efficiencies. However, the 
coarse beta grain structure exhibited by 
the HAZ and fusion zone regions re
duced their ductility relative to the base 
metal. 

To date, relatively little work has been 
performed on the dissimilar alloy weld
ing of metastable-beta titanium alloys. 
Studies of gas tungsten arc (GTA) welds 
produced autogenously between Ti-6AI-
4V and Ti-15V-3Al-3Cr-3Sn sheet (equal 
mixing from each base metal) deter
mined that the weld microstructure and 
mechanical properties are dependent on 
both the weld cooling rate and the post
weld heat treatment (Refs. 2, 3). In addi
tion, it was determined that macrosegre
gation within the fusion zone resulting 
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TI-6AI-4V and 1 — Light macrographs and corresponding EPMA traverses (0.2 mm from weld top surface) for laser welds produced between 
-C™: A,D) laser beam at joint centerline; B,E) laser beam offset to V-6AI-4V; C,F) laser beam offset to Beta-C. 

from transverse-solute banding during 
solidification affected the tendency for 
local martensitic transformation of beta 
phase to alpha-double-prime (or-
thorhombic) in the fusion zone on cool
ing. This type of macrosegregation is at
tributed to changes in the solid-liquid 
interface velocity during weld solidifica
t ion, typical ly due to instantaneous 
changes in the arc power (Ref. 3). It was 
found that postweld aging resulted in 
high fusion zone strengths but ductilities 
well below those of either the Ti-6Al-4V 
or Ti-1 5V-3AI-3Cr-3Sn base metals, or of 
comparably aged autogenous GTA welds 
in Ti-15V-3AI-3Cr-3Sn (Ref. 4). This 
property degradation was attributed to 
the coarse beta grain macrostructure ex
hibited by the weld fusion zone and the 
fine transformed-beta microstructure. 

Based on this previous work, two ap
proaches were considered for improving 
the ductility of dissimilar alloy welds be
tween Ti-6AI-4V and Beta-C: 1) the ap
plication of a low heat input welding 
process to minimize the fusion zone and 
HAZ beta grain size, and 2) modification 
of the fusion zone chemical composition 
to allow greater microstructural optimiza
tion through postweld aging. Corre
spondingly, two objectives were set forth 
for this study: 1) to investigate the poten
tial of utilizing COa laser beam welding to 
generate a fine-grained weld microstruc
ture with a controlled fusion zone chem
ical composition, and 2) to determine the 
influence of fusion zone chemical com
position and postweld heat treatment on 
the weld structure, mechanical properties 
and fracture behavior. 

Experimental Procedure 

The Ti-6Al-4V and Beta-C sheets uti
lized in this study were provided in the 
mill-annealed and solution heat-treated 
(788°C AC) conditions, respectively. The 
1.5-mm (0.06-in.) thick sheets were cut 
into coupons 1 50 x 50 mm (6x2 in.) with 
the coupon length oriented parallel to the 
sheet rolling direction. Prior to welding, 
the coupons were degreased in acetone. 

Full-penetration square groove welds 
were produced using a GE Fanuc C 3000 
CO, laser equipped with a 190-mm 
plano-convex ZnSe lens. A laser power 
of 3000 W, a beam focus point 0.5 mm 
(0.02 in.) below the sheet surface, and a 
beam traversing rate of 42.3 mm/s (1.7 
in./s) were utilized. A preliminary weld
ing study was performed to evaluate the 
feasibility of utilizing laser beam position 
control to produce high-integrity welds 
exhibiting a range of fusion zone nomi
nal chemical compositions, and to deter
mine the range of achievable chemical 
compositions. Metallographic examina
tion of welds produced using several 
beam offsets showed that uniform repro
ducibility in base metal melting, and in 
the resulting weld microstructures, could 
be achieved both along the length of a 
single weld and in multiple welds pro
duced using identical parameters. How
ever, welds produced with offsets greater 
than about 0.2 mm exhibited incomplete 
fusion between the fusion zone and the 
base metal on the side opposite to the 
beam offset direction. Based on these re
sults, three beam locations relative to the 
joint centerline were utilized in the pre

sent study: 1) directly at the centerline, 2) 
offset 0.18 mm to the T-6AI-4V, and 3) 
offset 0.18 mm to the Beta-C. Based on 
these beam locations and assuming uni
form mixing of both base alloys, it was 
anticipated that fusion zones exhibiting 
Ti-6Al-4V/Beta C volumetric proportions 
of 50/50, 66/34 and 34/66 would be 
achieved. Laser welding was performed 
in a helium-purged, collapsible chamber 
in order to prevent atmospheric contam
ination. Automatic GTA welds were pro
duced autogenously wi th equal base 
metal melting for comparative purposes 
(70 A, 8.5 V, 4.2 mm/s). 

Fol lowing welding, coupons were 
sectioned and heat treated at 482°C 
(900°F), 538°C (1000°F) and 593°C 
(1100°F) for 2, 4, 8 and 1 6 h. Based on 
metallographic analysis and diamond-
pyramid hardness (DPH) testing, three 
postweld heat treatments were selected 
for more detailed characterization: 1) 
482°C/20 h; 2) 538°C/8 h; and 3) 
593°C/4 h. 

Microstructural analysis of the as-
welded and postweld heat-treated welds 
included conventional and special color 
light microscopy techniques. Metallo
graphic specimens were mounted in 
epoxy, ground and final polished using a 
colloidal silica suspension. Specimens 
examined using conventional light mi
croscopy were etched with Kroll's 
reagent. Specimens examined using po
larized (color) light microscopy tech
niques were immersion etched in a solu
tion of 3 g ammonium bifluoride + 4 mL 
concentrated HCI + 100 mL disti l led 
water. Compositional variations across 
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the weld zone were evaluated using elec
tron-probe microanalysis (Cameca SX-50 
operated at 1 5 kV, 20 nA, 2 micron elec
tron beam size). Mechanical testing in
cluded DPH hardness testing, three-
point bend testing of longitudinal-weld-
oriented specimens and tensile testing of 
transverse-weld-oriented specimens 
(12.7-mm gauge length, 1.5 x 3.2-mm 
gauge cross-section). Hardness testing 
involved the generation of traverses 
across the weld zone (200- and 500-g 
loads) and the determination of an "av
erage" fusion zone hardness by measur
ing the hardness at the same four loca
tions across the fusion zone (1000-g 
load). Fractographic examination of 
bend specimens was performed using 
scanning electron microscopy (SEM). 

Results and Discussion 

Microstructure and Compositional Analysis 

CO, laser welds produced in the pre
sent study were characterized by an 
"hourglass" shape typical of laser welds 
in thin titanium sheet (Fig. 1A, 1C and 
1 E). Examination of the as-welded fusion 
zones indicated narrow heat-affected 
zones (HAZs) and the epitaxial nucle
ation and growth of columnar beta grains 
in the fusion zone directly from beta 
grains in the near-HAZ. Near the center 
of the weld thickness a distinct transition 
from cellular growth near the fusion 
boundary to cellular-dendritic growth at 
the weld center was observed. 

Figure 1 B, 1 D and 1 F shows chemi
cal compositions at locations across the 
as-welded near-HAZs and fusion zones 
for welds produced with the laser beam 
located at the joint centerline, offset to 
the Ti-6AI-4V and offset to the Beta-C, re
spectively. Compositional gradients for 
each respective alloying element were 
observed across the fusion zone, which 
steepened particularly near the fusion 
boundaries. Fluctuations in the composi
tion gradients were attributed to 
macrosegregation wi th in the fusion 
zone. 

Calculation of the "average" fusion 
zone chemical compositions from the 
EPMA traverse data and correlation with 
that calculated from weld pool geome
try/offset considerations showed an ex
cellent correlation for the weld produced 
with the laser beam at the joint centerline. 
The measured average fusion zone chem
ical composition of Ti-4.4wt-%A1-6.3wt-
%V-2.9wt-%Cr-2.1 wt-%Mo-2.0wt-%Zr 
was essentially identical to that predicted 
for equal base metal mixing. The weld 
produced with the laser beam offset to the 
Ti-6AI-4V exhibited a measured average 
fusion zone chemical composition of Ti-
4.8wt-%AI-5.2wt-%V-2.2wt-%Cr-1.4wt-

Table 1 — EPMA Data for Soluble Band Region in Laser Beam Weld Produced between 
Ti-6AI-4V and Beta-C® with Laser Beam at Joint Centerline 

Chemical Composition (wt-%) 
Location 

1 
2 
3 
4 
5 

Microstructure 

retained 8 
martensite 
martensite 
retained B 
martensite 

Al 

4.32 
4.61 
4.65 
4.37 
4.76 

V 

5.82 
5.67 
5.60 
6.28 
5.57 

Cr 

2.88 
2.37 
2.23 
2.98 
2.21 

Mo 

1.93 
1.53 
1.50 
1.95 
1.28 

Zr 

1.72 
1.58 
1.37 
2.07 
1.51 

%Mo-1.4wt-%Zr, which again was es
sentially identical to that predicted for 
volumetric proportions of 64/36. In con
trast, the weld produced with the laser 
beam offset to the Beta-C exhibited a 
measured fusion zone chemistry of Ti-
4.3wt-%AI-6.1wt-%V-3.6wt-%Cr-2.3wt-
%Mo-2.3wt-%Zr, which indicated a 
Beta-C to Ti-6Al-4V volumetric propor
tion ratio of 57/43 vs. the 64/36 predicted. 
This discrepancy was most likely attrib
uted to slight laser beam/joint misalign
ment effects. 

Regions of retained-beta phase and 
martensite were observed wi th in the 
weld fusion zones, with the proportion of 
martensite increasing with a greater 
quantity of Ti-6AI-4V in the fusion zone, 
and nearer to the Ti-6AI-4V fusion 
boundary. In Fig. I A and 1C, dark-etch
ing regions within the fusion zone are 
comprised primari ly of martensite, 
whereas white-etching regions are en
tirely retained-beta phase. The observed 
microstructural variations across the fu
sion zone were associated with compo
sitional variations originating from in
complete, nonuniform mixing of the 
melted base metals and transverse-solute 
banding during solidification. Figure 2 
shows light micrographs of theTi-6Al-4V 
side of the weld fusion zone shown in 
Fig. 1A at increased magnification, and 
reveals bands of martensite in a retained-
beta phase matrix. Autopartitioning of 
the beta grains during martensite trans
formation results in a wide range of 
martensite plate sizes. Table 1 shows 
EPMA data for locations within both of 
these microstructural regions, and shows 

a distinct depletion of beta-stabilizing el
ements in the martensite vs. the beta 
phase. Based on the fusion zone chemi
cal compositions, in the context of previ
ous phase transformation studies on Ti-
Mo (Refs. 5, 6) and Ti-V (Ref. 7) binary 
alloys, an orthorhombic (alpha-double-
prime) vs. a hexagonal (alpha-prime) 
crystal structure would be anticipated. 

A comparison of the weld mi
crostructure with the chemical composi
tions measured across the weld fusion 
zones in Fig. 1, and with the data shown 
in Table 1, showed very good correlation 
with results of the aforementioned dis
similar alloy welding study (Ref. 3) and 
with an investigation into the GTA weld
ing of the near-beta alloy Ti-10V-2Fe-3AI 
(Ref. 8). These studies determined that an 
alloy chemistry of approximately 4-4.5 
wt-% Al and 10-10.5 wt-% beta stabi
lizer (i.e., V, Mo, Cr) defined the bound
ary between retained-beta and or
thorhombic martensite formation on 
rapid weld cooling. An increase in the 
beta stability from this nominal chemistry 
(as in transverse-solute bands) promoted 
retention of the beta-phase, while a de
crease promoted beta decomposition to 
martensite. It is of interest to note that 
phase transformation studies by Duerig, 
et al. (Ref. 9), on the near-beta titanium 
alloy Ti-10V-2Fe-3AI determined that or
thorhombic martensite could result from 
a strain-induced transformation of the 
beta phase. Although a potential contri
bution of weld residual stresses to beta 
phase decomposition to orthorhombic 
martensite could not be determined in 
this study, it should not be neglected. 
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Fig. 2 — Light micrographs of martensite along transverse-solute bands in laser weld produced 
between TI-6AI-4V and Beta-C™. Note twinning of coarse martensite plates. 
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- Light micrographs of laser weld produced between V-6AI-4V and Beta C™ and postweld aged at 482°C/20 h. A -
B — laser beam offset to TI-6AI-4V; C — laser beam offset to Beta-C. 

beam at joint cen-

Welds produced with the laser beam 
offset to the Beta-C showed a nearly en
tirely retained-beta microstructure, ex
cept for bands of martensite directly ad
jacent to the T-6AI-4V fusion boundary. 
This observation was consistent with the 
strong beta-stability of the fusion zone 
(average beta stabilizer content of 1 2 wt-
%). Conversely, welds produced with the 
laser beam offset to the Ti-6AI-4V exhib
ited a high proportion of martensite. 
Again, this observation was consistent 
with the relatively weak beta stability of 
this composite fusion zone (average beta 
stabilizer content of 8.8 wt-%). 

The effect of laser beam location on 
the nominal fusion zone chemical com
position and macrosegregation effects on 
the postweld aged microstructures is re
vealed more distinctly in Fig. 3A, 3B and 
3C for welds produced with the beam lo
cated directly at the joint centerline, off
set to the T-6AI-4V and the Beta-C, re
spectively, and postweld aged at 
482°C/20 h (900°F). In these photomi
crographs, regions which were originally 
retained-beta phase appear dark, while 
regions which were martensite as-
welded appear white. Note the increase 
in the proportion of aged beta phase with 
an increase in Beta-C. Evidence of in
complete mixing and transverse-solute 
bands in promoting macrosegregation 
and correspondingly microstructural 

variations in the fusion zone is also ap
parent. Figure 4A shows the fusion zone 
of a specimen produced with the laser 
beam offset to the Ti-6Al-4V. Examina
tion of the white-etching regions clearly 
revealed the original martensite struc
ture, while the featureless, dark-etching 
regions were consistent with an ex
tremely fine alpha structure in a beta ma
trix. Figure 4B shows a color micrograph 
of the Beta-C fusion boundary region, 
and a distinct band (pink appearing) of 
martensite in a predominantly beta phase 
matrix. Note that this band corresponds 
to the compositional f luctuation (de
crease in beta-stabilizing elements) near 
the Beta-C fusion line in Fig. 1 D. 

Detailed analysis of the tempered 
martensite structures using analytical-
electron microscopy was beyond the 
scope of the present study. However, pre
vious investigators have indicated that 
tempering can occur via several mecha
nisms. Young, ef al. (Ref. 10), suggests 
that tempering involves the nucleation of 
beta phase at martensite lath and twin 
boundaries. Solute rejection to the beta 
phase promotes reduced orthorhombic-
ity until the hexagonal structure equiva
lent to alpha, but retaining the morpho
logical characteristics of the prior 
martensite, is produced. Davis, ef al. 
(Refs. 5, 6), suggests that martensite de
composition during cooling and aging 

Fig. 4 — Laser weld produced between TI-6AI-4V and Beta C™ with laser beam offset to Ti-6AI-
4V and postweld aged at 482°C/20 h. A — center of fusion zone; B — fusion zone near Beta-C 
sheet. Arrow indicates fusion line. 

may result from spinoidal decomposition 
to enriched and depleted martensite re
gions which ultimately transform to 
alpha phase and beta phase under rapid 
heating conditions (Ref. 6). 

Figure 5A shows a light macrograph 
of the laser weld produced with the laser 
beam directly at the joint centerline and 
postweld aged at 593°C/4 h. The TJ-6AI-
4V side of the fusion zone was comprised 
primarily of tempered martensite (i.e., 
fine alpha phase + beta phase) and the 
Beta-C side of aged beta phase. Figure 5B 
and 5C shows light micrographs of the fu
sion boundary regions on the Ti-6AI-4V 
(B) and Beta-C (C) sides, respectively. The 
morphology of the original martensite 
plates is still readily apparent in Fig. 5B, 
and more clearly revealed in the color 
micrograph of this region in Fig. 5D. As 
indicated above, the relatively coarse 
size and extensive twinning exhibited by 
these platelets, in conjunction with the 
high alloying content in this region, sug
gest their origin as orthorhombic marten
site. Analysis of the Beta-C side of the 
weld shows fine plates of alpha phase in 
a beta matrix. These platelets were ap
preciably finer than those observed in the 
Beta-C near-HAZ or base metal. At high 
magnification, evidence of semi-contin
uous alpha phase at beta grain bound
aries is readily apparent. 

As indicated above, variations in the 
base metal dilution levels and composi
tional variations due to macrosegrega
tion markedly influenced the proportions 
of phases (retained beta vs. martensite) 
present in the as-welded microstructure 
and the chemical compositions of these 
phases. An influence of these composi
tional variations on the aging behavior of 
the martensite and retained-beta phases 
was not apparent using light microscopy 
characterization techniques. 

Limited analysis of GTA welds re
vealed uniform mixing of the two base 
metals and negligible evidence of trans
verse solute banding near the fusion 
boundaries. The relatively high energy 
input and slow weld cooling rates pro
moted a coarse beta grain macrostruc-
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ture and a fusion zone microstructure 
comprised of fine alpha phase in a beta-
matrix. Postweld aging promoted a 
coarsening of intragranular alpha phase 
and an increase in the continuity and 
thickness of alpha phase at beta grain 
boundaries. 

Mechanical Properties 

Figure 6 shows a plot of average fu
sion zone hardness vs. aging time for 
three base metal dilution combinations 
and for aging temperatures of 482°C and 
593°C. The hardness of fusion zones 
aged at 482°C increased with a greater 
proportion of Ti-6AI-4V, however, fusion 
zones aged at 593°C showed negligible 
difference. The weld fusion zone hard
nesses were appreciably greater than 
those of the Beta-C base metal, which 
was consistent with the finer transformed 
beta microstructures observed in these 
regions. Considering a Ti-6AI-4V base 
metal hardness of approximately DPH 
325, this analysis would suggest that frac
ture of a composite weld would occur ex
clusively in the Ti-6Al-4V base metal. 

Figure 7 shows a hardness traverse 
across the fusion zone of a dissimilar 
alloy laser weld produced with equal 
melting of both base metals in the as-
welded and postweld heat treated condi
tions. In the as-welded condition, the re
tained-beta phase in the Beta-C base 
metal and HAZ exhibited the lowest 
hardness, whi le the alpha-prime near-
HAZ in the Ti-6AI-4V exhibited the high
est hardness. Following postweld heat 
treatment, the Ti-6AI-4V base metal ex
hibited the lowest hardness, with the fu
sion zone on the Ti-6A1-4V side exhibit
ing the highest hardness. Similar trends 
were observed for other base metal dilu
tions. 

Figure 8 shows microhardness tra
verses (200-g load) across the fusion 
zone of welds produced with the laser 
beam at the joint centerline in the as-
welded and heat-treated conditions. In 
the as-welded condit ion, negligible 
hardness differences were observed with 
compositional variations across the fu
sion zone, or between the martensite and 
retained-beta microstructures. The low 
hardness was consistent with an or
thorhombic vs. hexagonal martensite 
structure (Refs. 10 and 11). Negligible 
changes in hardness were also observed 
across welds postweld aged at 482°C and 
593°C, however, for the lower tempera
ture aged welds an increase in hardness 
of the tempered martensite vs. the aged 
beta phase is apparent. The lower hard
ness of tempered martensite in the Ti-
6AI-4V HAZ is consistent with its hexag
onal vs. orthorhombic structure. 

Consistent with the hardness results, 
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Fig. 5 — Laser weld produced between Ti-6AI-4 V and Beta C™ with laser beam at joint center-
line and postweld aged at 593°C/4 h. A — light macrograph; B — fusion boundary region on 77-
6AI-4V side; C — fusion boundary region on Beta-C side; D — fusion zone near V-6AI-4V side. 
Arrows indicate fusion line. 

Table 2 — Three-Point Bend Ductilities of Laser Beam and GTA Welds between Ti-6AI-4V and 
Beta-C® 

Weld Type/Heat Treat 

Base metal/482 °C, 20 h 
LW-FZ-CL/482°C, 20 h 
Base metal/538°C, 8 h 
LW-FZ-CL/538°C, 8 h 
CTAW-FZ-CL/538°C, 8 h 
Base metal/593°C, 4 h 
LW-FZ-CL/593°C, 4 h 
LW-FZ-to |SC/593°C, 4 h 
LW-FZ-to Ti-6-4-/593°C, 4 h 
GTAW-FZ-CL/593°C, 4 h 

Minimum Fracture 
Strain (%) 

5.7 

1.5 

>10.7 
2.3 
1.5 

>10.7 
4.6 

4.6 
5.7 

2.3 

Fracture Location 
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Fig. 6 — Average DPH hardness (1000-g load) 
of Beta-C™ base metal and fusion zone of 
laser welds produced between TI-6AI-4V and 
Beta-C postweld aged at 482° and 593"C. 

Fig. 7 — DPH hardness traverse (500-g load) 
across laser weld produced between TI-6AI-
4 V and Beta-C™ with laser beam at joint cen
terline. 
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Fig. 8 — DPH hardness traverses (200-g load, 
0.2 mm from weld top surface) across laser 
welds between V-6AI-4V and Beta-C™ (laser 
beam at joint centerline) for as-welded, aged 
at 428°C/20 h and aged at 593°C/4 h condi
tions. Open symbols represent regions that 
were retained or aged beta phase. Solid sym
bols represent regions that are martensite or 
tempered martensite. 

aged transverse-weld-oriented tensile 
specimens failed exclusively in the Ti-
6AI-4V base metal. Table 2 summarizes 
the results of three-point bend testing for 
the aged dissimilar-alloy laser and GTA 
welds. Postweld aging at 482°C/20 h re
sulted in low fusion zone and base metal 
ductilities. Postweld heat treatment at 
538°C/8 h improved base metal ductility 
to > 10%, but only slightly increased fu
sion zone ductil ity. Heat treatment at 
S93°C/4 h promoted a significant im
provement in laser weld fusion zone 
bend ductility to 4.6 to 5.7%. Table 2 also 
shows that the bend ducti l i ty of GTA 
welds also increased with postweld 
aging temperature, but remained well 
below that of the laser welds. Note that 
fracture of the longitudinal-weld-ori
ented laser and GTA welded specimens 
initiated exclusively in the weld fusion 
zone. 

The absence of a consistent, marked 
effect of fusion zone nominal chemical 
composition on the bend ductility was 
consistent with the local compositional 
variations observed within these fusion 
zones, and the presence of the same mi
crostructural phases and constitutents 
(albeit in differing proportions) within 
each of the weld fusion zones. 

Fracture Analysis 

Fracture of specimens heat treated at 
low temperatures occurred predomi
nantly transgranularly in the fusion and 
near-HAZ regions. Despite the relatively 
low bend ducti l i ty of the weld fusion 
zone, examination of the fracture surface 
at increased magnification indicated a 
microscopically ductile appearance on 
the facet surfaces. As shown in Fig. 9A 
through D, heat treatment at 593°C/4 h 
promoted a transition from predomi
nantly transgranular to predominantly in
tergranular fusion and near-HAZ frac
ture. A similar transition in weld zone 

. -. . . . 
. - • 

^ v " ! . . .•;• 
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Fig. 9 — SEM fractographs of longitudinal weld oriented three-point bend specimens laser welded 
at joint centerline and postweld aged at 593°C/4 h. A — weld zone fracture surface (TI-6AI-4V 
left side, Beta-C™ right side); B — TI-6AI-4 V HAZ (right side) and base metal (left side); C — Beta-
C™ HAZ (left side) and base metal (right side); D — center of fusion zone. 

fracture morphology with an increase in 
postweld heat treatment temperature 
was observed for GTA welds in Beta-C 
(Ref. 1), and was attributed to increased 
alpha phase at beta grain boundaries. 
The increase in ductility associated with 
this heat treatment, despite the presence 
of increased grain boundary alpha phase 
and intergranular fracture, was associ
ated with increased intragranular defor
mation prior to fracture due to a coarser, 
softer microstructure. Note that effects of 
compositional and microstructural varia
tions within the fusion zone on the frac
ture surfaces were not apparent. 

Figures 10Aand B show the near HAZ 
on the Beta-C side and fusion zone frac
ture surfaces for a GTA weld produced 
with equal base melting and postweld 
heat treated at 593°C/4 h. The apprecia
bly greater grain size and predominantly 
intergranular mode of fracture observed 
for the GTA weld certainly contributed to 
its poorer bend ductility. 

Conclusions 

1) CO, laser welding is effective in 
producing fine-grained welds between 
T-6AI-4V and Beta-C™ sheet. 

2) Offset of the laser beam position 
relative to the joint can be utilized to 
control the nominal fusion zone chemi
cal composition. However, macrosegre
gation in the fusion zone due to incom
plete mixing of the dissimilar base metals 
and the occurrence of the dissimilar base 
metals and the occurrence of transverse 
solute banding during solidification pro
mote local variations in the tendency for 
beta decomposition to martensite on 
weld cooling. 

3) As-welded fusion zone microstruc
tures exhibit retained-beta phase and 
martensite, wi th the proportion of 
martensite increasing with an increase in 
the proportion of Ti-6AI-4V nominally in 
the fusion zone and locally due to 
macrosegregation effects. Postweld 
aging results in alpha precipitation 

Fig. 10 — SEM fractographs of longitudinal- weld-oriented three-point bend specimen GTA 
welded at joint centerline and aged at 593°C/4h. A — Beta-C™ HAZ; B — fusion zone. 

180-s I JUNE 1994 



w i t h i n the retained beta phase and tem
per ing of the martensite to ex t remely f ine 
a lpha + beta phases. 

4) A l t h o u g h the a s - w e l d e d f us i on 
zone hardness is b e l o w that of the T i -6A I -
4 V base metal and H A Z , pos twe ld aging 
promotes s ign i f icant increases in hard
ness and strength. A m a x i m u m hardness 
in the w e l d fus ion zone f o l l o w i n g heat 
t rea tment p romotes tensi le fa i lures ex
c lus i ve l y in the T i - 6A I -4V base me ta l . 
W e l d zone duct i l i t ies are b e l o w those of 
the base meta l and a l t h o u g h not 
m a r k e d l y i n f l u e n c e d by va r i a t i ons in 
chemica l compos i t i on , do increase w i t h 
an increase in postweld aging tempera
t u re . Laser w e l d s cons i s ten t l y e x h i b i t 
greater duc t i l i t y than GTA we lds . 

5) A t ransi t ion in fus ion zone fracture 
m o d e f rom p redominan t l y transgranular 
for the low- tempera tu re pos twe ld aged 
cond i t i ons to increasingly intergranular 
for h igh- temperature postweld aged c o n 
d i t ions is at t r ibuted to an increase in the 
thickness and con t inu i t y of grain b o u n d 
ary a lpha phase. 
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The objective of this research project was to clarify the effects of PWHT conditions on the 
properties of TMCP steel in comparison with conventional heat-treated steel. A study on the possibility 
of eliminating PWHT with TMCP steels was the main subject of this cooperative research. 
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