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Microstructure and crack sensitivity of 
laser-fusion zones of Ti-46 mol % AI-2 mol % 
Mo alloy 
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Department of Welding and Production Engineering, Faculty of Engineering, 
Osaka University, 2-1, Yamadaoka, Suita, Osaka 565, Japan 

Laser surface melting and laser welding were performed on Ti-46 mol% AI-2 mol% Me 
using a 2.5 kW CO2 laser. Microstructures of the fusion zones were changed in the following 
way as the cooling rate increased: 

massive 0(2-I-massive 3' + lamellar(0(2 + 3') -* massive 0(2 + massive 3' ~ 0( 2 . 

In laser surface melting, a single-phase structure of 0(2 was seen when the calculated average 
cooling rates between 1773 and 1273 K were above approximately 4000 Ks -1. In laser 
welding, the microstructure of the fusion zones was mainly composed of massive 
0(2 + massive 3'+ lamellar. The hardness of the fusion zones increased with increasing cooling 
rate and the single-phase structure of 0(2 showed hardness above 500 Hv. While all of the 
laser surface-melted zones included cracking, in laser welding, crack-free welds could be 
obtained at traverse speeds below 50.0 mms -1 and pre-heating temperatures above 573 K. 
As a result, cracking was prevented by selecting optimum welding parameters which result 
in calculated cooling rates between 1073 and 873 K below approximately 30 Ks-1 and the 
hardness of the fusion zones below approximately 400 Hv. In tensile tests, the laser-welded 
specimens without weld cracking fractured in the base metal. Thus, laser welding can be 
applied to the joining of Ti-46 mol% AI-2 mol% Me. 

1. Introduction 
There have been increasing demands for lightweight 
high-temperature materials. The intermetallic com- 
pound 7-TiA1 is an attractive material for the elevated 
temperature applications because of its low density, 
high modulus and relatively good oxidation resist- 
ance. However, its low ductility at room temperature 
has prevented practical applications. It has been re- 
ported that the room-temperature toughness was im- 
proved by the addition of ternary alloying elements 
[1-33. Thus, the disadvantages in mechanical proper- 
ties of TiA1 alloys are being overcome by metallurgical 
efforts. Another problem in structural applications of 
TiA1 alloys is secondary processing, such as cutting, 
joining, surface modification, etc. For the secondary 
processing of the TiAI alloys, it is desirable to apply 
fusion processes, i.e. fusion welding, surface melting, 
alloying, cladding and so on, because these processes 
are convenient and cost-effective processes from the 
engineering stand point. However, few works have 
addressed the fusion processes of TiA1 alloys [4]. To 
investigate the applicability of fusion processing to 
TiA1 alloys, a basic understanding of the microstruc- 
tures of rapidly solidified fusion zones, which is related 
to their crack sensitivity, is required. 

In the present work, a molybdenum-doped TiA1 
alloy (Ti-46 mol % A1-2 mol % Me) was used. The 

addition of molybdenum has been reported to im- 
prove room-temperature ductility and high-temper- 
ature oxidation resistance of the TiA1 alloys [3]. Be- 
cause a laser beam is the most controllable and flexible 
heat source for fusion material processing, we exam- 
ined laser processing of the TiA1 alloy. Laser surface 
melting and laser welding were performed on the TiA1 
alloy using a 2.5 kW CO2 laser with varying traverse 
speed. Thus, fusion zones subjected to various cooling 
rates were obtained and their microstructures, hard- 
ness and crack sensitivities were investigated. The 
tensile strengths of the laser weld joints were meas- 
ured. 

2. Experimental procedure 
2.1. Ma te r i a l  
Ti-46 reel % A1-2 reel % Me was prepared by argon 
arc melting with a non-consumable electrode. The 
ingot was approximately 60ram diameter and 
110 mm long. Its chemical composition is listed in 
Table I. 

2.2. Laser surface melting 
Disc specimens, 60 mm diameter and 10 mm thick, 
were cut from the ingot. The surface of the disc 
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TAB LE I Chemical composition of TiA1 alloy used 

Chemical composition (mol %) 

Ti A1 Mo C O 

Ti-46 A1-2 Mo Bal. 45.5 1.96 0.0004 0.0013 

specimen was polished and cleaned with acetone be- 
fore laser surface melting. The laser beam was irra- 
diated on the surface using a laser power of 2.5 kW 
and traverse s p e e d s  were varied from 
13.3-33.3 mms -1. The focal position was kept con- 
stant at 5 mm above the surface. The surface melting 
was carried ot~t in a shielding box whose atmosphere 
was displaced by argon gas to prevent oxidation of the 
fusion zones. 

3. Results 
3.1. Microstructure 
Fig. 1 shows the optical microstructure of the base 
metal. The lamellar structure containing ~{(TiA1)+ 
az(Ti3A1), which were identified by X-ray diffrac- 
tometry, was observed (Fig. 2). 

Fig. 3 shows cross-sectional optical micrographs of 
the laser surface-melted regions. The fusion zones, 
produced at the traverse speeds of 33.3 and 
16.7rams -1, were hardly etched by the Kroll's re- 
agent used, and microstructures could be barely ob- 
served with an optical microscope (Fig. 3a and b). Fine 

2.3. Laser welding 
Specimens 35mm wide, 50ram long and 2ram 
thick, were used for laser welding. Fully penetrated 
bead-on-plate welding over a 35 mm length was per- 
formed using a laser power of 2.5 kW and traverse 
speeds varying from 25.0-83.3 ms -1 in the argon 
shielding box. The laser beam was focused just on the 
specimen surface. The initial temperatures of the speci- 
mens were varied from room temperature to 673 K. 
Pre-heating of the specimen was carried out using 
a hot plate. 

2.4. Metallographic observations 
Surface cracking in laser surface melting and laser 
welding was examined by means of a penetrant test. 
Observations of the optical microstructures of the 
fusion zones were performed on polished and etched 
cross-sections by Kroll's reagent. Vickers hardness 
measurements were made on the cross-sections using 
a load of 4.9 N. Specimens for transmission electron 
microscopy (TEM) were prepared from the fusion 
zones and were mechanically ground to a thickness of 
approximately 50 gm and thinned to electron trans- 
parency by an ion-milling apparatus. TEM observa- 
tions and selected-area diffractions were performed 
using a 200 kV transmission electron microscope lin- 
ked with quantitative energy-dispersive X-ray (EDX) 
spectroscopy. X-ray diffractom~try measurements 
were carried out on longitudinal sections parallel to 
the fusion zone surfaces at a depth of approximately 
500 ~tm. 

Figure 1 Optical microstructure of Ti 46 mol % AI-2 mol % Mo- 
base alloy. 
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Figure 2 X-ray diffraction pattern of Ti-46 mol % A1-2 mol % 
Mo-base alloy. (�9 7, (A) cx2. 

2 .5 .  T e n s i l e  t e s t  
Tensile specimens 50 mm long, 10 mm wide and 2 mm 
thick were extracted from welded plates made with 
a traverse speed of 33.3 m s-  1 and a preheat temper- 
ature of 573 K. Tensile tests were performed on an 
Instron-type testing machine at room temperature 
using a cross-head speed of 8.33 x 10- 3 mm s- 1 

Figure 3 Cross-sectional optical micrographs of the laser surface- 
melted regions: traverse speeds (a) 33.3 mms -1, (b) 16.7 mms t, 
(c) 13.3rams -1. 
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Figure 3 (Continued) 

Figure 4 Transmission electron micrographs of the laser surface-melted zone (traverse speed 33.3 mm s 1): (a) bright-field image ofc~z grains; 
(b) selected-area diffraction pattern of(a), (beam II [12 16]~). 
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microstructure, which was related to the solidification 
structure, was seen in the fusion zone at a slower 
traverse speed of 13.3 mm s- 1, as shown in Fig. 3c. 

The microstructures of the fusion zones were ob- 
served in more detail using TEM. Fig. 4 shows 
a bright-field image and a selected-area diffraction of 
the fusion zone at a traverse speed of 33.3 mm s - 1. The 
structure consisted of a2 fine grains, of a few microme- 
tres in size. The chemical composition of the a2 phase 
measured by EDX was 45.9 mol % A1 and 2.0 mol % 
Mo. The composition, which is close to that of the 
base metal, has much higher aluminium content than 
the stoichiometric composition of ~2 phase. Fig. 5a 
shows the X-ray diffraction pattern obtained from 
this fusion zone. Only diffraction peaks for a2 phase 
were detected. Therefore, the microstructure of the 
fusion zone at a traverse speed of 33.3 mms-1  was 
found to be a single-phase structure of a2 which was 
a non-equilibrium phase at the composition of the  
fusion zone. Fig. 5b shows the X-ray diffraction pat- 
tern obtained from the fusion zone at a traverse speed 
of 16.7 mm s-1. Because only a2 peaks were detected, 
the fusion zone structure at this traverse speed was 
also the single-phase structure of a2. In the fusion 
zone at a traverse speed of 13.3 mms  -1, y phase was 
identified in addition to a2 phase, as shown in Fig. 6. 
The X-ray diffraction pattern also revealed az and 
3' peaks in this fusion zone (Fig. 5c). However, as 

shown in Fig. 6, they are not of the lamellar form 
which is observed in the base metal, but rather a mass- 
ive one. 

In laser welding, fully penetrated welds of which the 
top and bottom contours were uniform, were obtained 
in all of the welding conditions used in this work. 
Cross-sectional optical micrographs of typical laser- 
welded zones, which were made under three different 
welding conditions, are shown in Fig. 7. The bead 
width increased and the microstructure coarsened 
with decrease in the traverse speed and increase in 
pre-heating temperature. Detailed microstructures of 
the fusion zones were observed using TEM. Fig. 8 
shows bright-field images and selected-area diffrac- 
tions of the fusion metal at a traverse speed of 
50.0 mm s - 1 with no pre-heating. Massive a2 (Fig. 8a 
and b), massive 7 (Fig. 8c and d) and lamellar structure 
(Fig. 8e) were identified. However, only 7 peaks were 
detected in the X-ray diffractometry of the fusion zone 
(Fig. 9). Thus the microstructure of the weld metal was 
predominantly 7 phase and included massive a2 and 
lamellar structure as the minor phases. The micro- 
structure of the other weld metals also consisted of 
7 as the dominant phase, and a2 and lamellar struc- 
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Figure 5 X-ray diffraction patterns obtained from the laser sur- 
face-melted zones: traverse speeds (a) 33.3 m m s  1, 
(b) 16.7 m m s  -1, (c) 13.3 m m s  -1. (�9 3', (&,) a2. 

Figure 6 Transmission electron micrographs of the laser surface- 
melted zone (traverse speed 13.3 mm s - l ) :  (a) bright-field image of 
c* 2 grain; (b)selected-area diffraction pattern of (a), (beam 
[I [0001]a=);  (c) bright-field image of 3' grain; (d) selected-area 
diffraction pattern of (c), (beam /I [332]~). 
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Figure 6 (continued) 

ture, regardless of the traverse speed and the pre- 
heating temperature. 

Fig. 10 shows average Vickers hardness values of the 
fusion zones produced by laser surface melting and laser 
welding are plotted against the traverse speeds. All the 
fusion zones were found to be harder than the base metal. 
In particular, the hardness of the fusion zones increased 
with the traverse speed, both in laser surface melting and 
laser welding. Thus, the hardness is considered to be 
related to the microstructures of the fusion zones. 

3.2. Cracking 
Many cracks were seen in all of the laser surface- 
melted zones. Most  of the cracks were transverse 
cracks, which initiated in the fusion zone and 
propagated to the base metal. Similar weld cracking 
has been reported to occur in electron beam welds of 
Ti-48 mol % A1-6.5 vol % TiB2 alloy [4]. The cracks 
are considered to be hot cracking which occurred in 
the solid state. In the laser welding, weld cracking was 
significantly reduced in comparison with laser surface 
melting. Table I I  shows the number  of cracks ob- 
served in weld beads after the penetrant test. As clearly 
shown in this table, the crack reduced with decreasing 
traverse speed and increasing pre-heating temper- 
ature. As a result, laser welds without cracking could 
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Figure 7 Cross-sectional optical micrographs of the laser-welded 
zones. Traverse speeds: (a) 50.0 ram s -~ without pre-heating; 
(b) 33.3 mm s- 1 without pre-heating; (c) 50.0 mm s- 1 with pre- 
heating of 673 K. 



Figure 7 (continued) 

Figure 8 (continued). 

Figure 8 Transmission electron micrographs of the fusion zone of 
the laser weld (traverse speed 50.0rams 1 without pre-heating): 
(a) bright-field image of massive zt2; (b) selected-area diffraction 
pattern of(a), (beam 11 [0112]a~); (c) bright-field image of massive 
T, (d) selected-area diffraction pattern of (c), (beam II [li0]v); 
(e) bright-field image of lamellar structure. 

be obtained at traverse speeds below 50.0 m m  s -  1 and 
pre-heating temperatures above 573 K. 

3.3. Tensile test 
Tensile tests were performed on the base metal and the 
laser weld without  cracking. Two specimens were tested 

for each. Fig. 11 shows the result. Both  of the speci- 
mens of  the laser welds were fractured in the base 
metal. Thus, a weld joint  with a joint  efficiency of more  
than 100%, can be obtained by laser welding. 

4. Discussion 
4.1. M icrostructure of the laser fusion zones 
Microstructures and hardness of  the laser fusion zones 
were significantly changed by the traverse speed and 
pre-heating temperature,  as ment ioned above. This 
should be related to cooling rates in the laser fusion 
zones, because solid-state transformations,  cx ~ 0~ + Y 
and a ~ a2, being represented in the Ti-A1 binary 
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T A B L E  II Number of cracks observed in weld beads after the 
penetrant test 

Traverse speed (mm s-  l) 

33.3 50.0 66.7 83.3 

No preheat 1 4 4 9 
473Kpreheat  1 1 3 5 
573Kpreheat  0 0 2 2 
673Kpreheat  0 0 1 1 

Figure 8 (continued) 
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Figure 9 X-ray diffraction pattern obtained from the fusion zone of 
the laser weld (traverse speed 50.0 mm s- ~ without pre-heating). (O) 
~,, (A) ~2. 
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Figure 10 Average Vickers hardness values of the fusion zones 
produced by O laser surface melting and laser welding: (O) no 
pre-heat, (El) 473 K preheat, (A) 573 K preheat, ( 0 )  673 K preheat. 
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Figure 11 Tensile strengths of the base metal and the laser weld. 
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system (Fig. 12) [5], should be affected by cooling 
rates. In this work, the cooling rates for laser surface 
melting and laser welding are calculated using the 
Rosenthal equations [6] for three-dimensional and 
two-dimensional heat flow, respectively. 

For  three-dimensional heat flow, the cooling time 
f r o m  T 1 to T2,  CTT,-T2(3), at a point on the centreline 
of the bead surface is given by 

1 1 CTT~-T~(3) = (T2 -- To) (T1 -- To) (1) 

where v is the traverse speed (m s- 1), Q the heat input 
(W), X the thermal conductivity (W m -  1 K -  1) and To 
the initial temperature of the plate (K). The heat input, 
Q, is estimated to be 30% of the incident laser power 
for laser surface melting. The thermal conductivity, X, 
of TiA1 is 20 W m -  t K ~. The initial temperature of 
the plate is 283 K. 

For  two-dimensional heat flow, the cooling time 
from T~ to T2,  CTT~ -T=(2), at a point on the centreline 
of the bead surface, is given by 

= 1 ( Q ~  2 1 1 

CTT~-T2(2) 4 7 ~ c p \ h v j l i Z 2 - T o ) 2  ( Z l -  To)21 

(2) 
where c is the specific heat (J kg-  1 K -  ~), p the density 
(kgm-3),  and h the plate thickness (m). The heat 
input, Q, is estimated to be 90% of the incident laser 
power for laser welding. The specific heat of TiA1 is 
0.5 x 103 Jkg -~ K -~, its density is 3.84 x 103kgm -3 
and the plate thickness is 2.0 x 10-3m. 

Because the cooling rates over the temperature 
range where the solid-state transformations occur 
should affect the microstructure of the fusion zone, 
average cooling rates between 1773 and 1273 K were 
calculated using Equations 1 and 2. The microstruc- 
tures of the surface-melted zones and the welded zones 
with various laser parameters represented in the re- 
sults, can be systematically classified using the cooling 
rates. Table III shows the relationship between the 
cooling rates and the microstructures of the fusion 
zones. The phases formed in the fusion zones were 
changed in the following way as the cooling rate 
increased: 

massive a2 + massive 3' + lamellar --, 

massive a2 + massive 3' - ~  0/'2. 

TABLE III  Relationship between the cooling rates and the 
microstructures of the fusion zones 

Average cooling rate.#om Microstructure 
1773-1273K(Ks ~) 

8210a ~2 
4127" az 

~e + d 3287~ 2 Y 
834 b ~ + ya + L 
4908 a~ + ya + L 
2448 & + d - 2 7 + L 

" Laser surface melting. 
b Laser welding. 
e c~, massive o(2. 
ayc, massive y. 
L lameller 

At a much slower cooling rate, the fusion zone will, of 
course, show full lamellar structure, which was seen in 
the base metal. 

The solidification and solid-state transformations of 
alloys containing near 46 tool % A1 are as follows, 
according to the phase diagram (Fig. 12): 

L--*L + [ ~ L  + ~x ~ cx --* 0~ + y~cx2 + 7. 

It has been reported that the transformation of a --* 3, 
was suppressed by a rapid cooling for a Ti-46 mol % 
A1 alloy [7]. However, the ordering of a --* a2 occur- 
red upon rapid cooling [7]. In this work, the single- 
phase structure of a2 was seen in the fusion zones with 
cooling rates above 4000 K s-  1. In this case, therefore, 
it is considered that the a ~ 3' transformation was 
suppressed and subsequently a was ordered. 

The microstructures of the fusion zones with cool- 
ing rates below 4000 K s- 1 consisted of ~2 and 3' in 
massive form. Kumagai et al. [8] have reported that 
an almost single-phase structure of 3' was obtained by 
quenching in ice-water from the 0~ region for 
a Ti-48 mol % A1 alloy. This has been reported to be 
caused by a massive transformation of a to 3' which 
occurred in the a + 7 region. In the present case, 
therefore, massive 3' is considered to be formed by the 
massive transformation of ~ to 7 prior to the ordering 
of ~. Subsequently, residual a phase may be ordered. 
Thus the ~2 ~- 3' structure seems to be formed in the 
fusion zones. On the basis of the above-mentioned 
considerations, the continuous cooling phase diagram 
for the alloy used in this work is schematically repre- 
sented in Fig. 13. 

The relationship between the cooling rates and 
average Vickers hardness values of the fusion zones is 
shown in Fig. 14. The hardness obviously increased 
with increasing cooling rate. This is thought to be 
because 0~z, which is harder than 7, became dominant 
as the cooling rate increased. The single-phase struc- 
ture of az showed a hardness above 500 Hv. As a re- 
sult, it is concluded that the fusion zones and heat- 
affected zones heated into the a region in the TiA1 
alloy, harden upon rapid cooling. 
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Figure 13 Schematic CCT diagram for Ti-46 mol % A1-2 mol % 
Mo alloy. 
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Figure 14 Relationship between the average cooling rates from 
1773-1273 K and Vickers hardness of the laser fusion zones. 
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Figure 16 Crack-frequency values versus Vickers hardness of the 
laser fusion zones. 
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4.2. Weldability of Ti-46 mol % AI-2 mol % 
Mo 

The crack sensitivity of Ti-46 tool % AI-2 tool % Mo 
laser welds was characterized by crack frequency, de- 
fined as the number of cracks per unit millimetre of 
weld bead. Fig. 15 shows crack frequency values plot- 
ted as functions of pre-heating temperature and tra- 
verse speed. It is obvious from this figure that crack 
frequency decreased with increasing pre-heating tem- 
perature and decreasing traverse speed. In other 
words, the crack sensitivity of laser welds decreased as 
the cooling rates decreased. 

Cracking occurs when thermal strains exceed the 
ductility of weld beads upon cooling. Consequently, 
the cooling rates are considered to have two possible 
effects on the crack sensitivity. First, high cooling rates 
result in hardening of the fusion zones, which reduces 
their ductility. This can enhance the crack sensitivity. 
Fig. 16 shows the relation between the crack-sensitiv- 
ity values and average hardness values of the weld 
beads. Cracking significantly decreased when the 
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Figure l7 Crack-frequency values versus average cooling rates 
from 1073-873 K. 

hardness was reduced below 400 Hv. Second, increas- 
ing cooling rates induce higher thermal strain rates in 
a temperature range of reducing ductility, which may 
lead to higher crack sensitivity. Ductility of TiA1 has 
been reported to be reduced severely in temperatures 
below 973 K [9], Thus, cooling rates across 973 K are 
thought to be related to cracking. So the average 
cooling rates between 1073 and 873 K are calculated 
from Equation 2 and crack-frequency values are plot- 
ted against the cooling rates in Fig. 17. No cracking 
occurred in a cooling rate below approximately 
30 K s-1. Therefore, the critical cooling rate to pre- 
vent cracking is found to be 30 K s- 1. 

Because these two effects of the cooling rates do not 
independently affect the crack sensitivity, it cannot be 
decided which is the dominant factor. As a result, 
successful laser welding of Ti-46 mol % A1-2 tool % 
Mo without cracking can be obtained when optimum 
welding parameters, which result in an average cool- 
ing rate between 1073 and 873 K below approximately 
30 K s- 1 and hardness of the fusion zones below ap- 
proximately 400 Hv, are selected. Moreover, the weld 
joints without cracking have a joint efficiency of more 
than 100%. Therefore, laser welding can be applied to 
the joining of the TiA1 alloy. 



5. Conclusions 
Laser surface melting and laser welding were performed 
on Ti-46 tool % Al-2 tool % Mo using a 2.5 kW CO2 
laser. The results obtained are as follows. 

t. In laser surface melting, single-phase structure of 
~2 was seen in the fusion zones when the calculated 
cooling rates between 1773 and 1273 K were above 
4000 K s - 1. In this case, it is considered that the a ~ 7 
transformation was suppressed and subsequently 

was ordered. The microstructures of the fusion zones 
with the cooling rates below 4000 K s - 1 consisted of 
az and 7 in massive form. Massive 7 may be formed by 
the transformation of ~ to 7 prior to the ordering of a. 
Subsequently, residual a may be ordered. In laser 
welding, the microstructure of the fusion zones 
was mainIy composed of massive ~z + massive 7 + 
[ameltar. 

2. The average hardness of the fusion zones in- 
creased with increasing cooling rates and the single- 
phase structure of a2 showed hardness above 500 Hr.  
This is because ~2, which is harder than 7, became 
dominant as the cooling rate increased. 

3. All of the laser surface-melted zones included 
cracking. In laser welding, cracking was reduced with 
decreasing traverse speed and increasing pre-heating 
temperature. Crack-flee welds could be obtained at 
traverse speeds below 50.0fores -1 and pre-heating 
temperatures above 573 K. 

4. Crack sensitivity was related to the cooling rates 
over the  temperature range of reducing ductility and 
the microstructure of the fusion zones. As a result, 
cracking was prevented by selecting the optimum 
welding parameters which result in a calculated cool 

ing rate between 1073 and 873 K below approximately 
30 K s- a and the hardness of the fusion zones below 
approximately 400 Hv. 

5. In tensile tests, the laser-weld specimens without 
weld cracking were fractured in the base metal. Thus 
a weld joint having a joint efficiency of more than 
100% can be obtained using laser welding. 
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