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ABSTRACT 
MASTER 

Fracture toughness properties have been determined f..r 
laser welds in different grades of molybdenum. The fractv—: 
toughness of welds in sintered molybdenum was consistently less 
than the fracture toughness of welds in vacuum arc remelted 
molybdenum. These differences cannot be attributed to oxygen 
content, since the oxygen level was nominally the same for all 
grades of molybdenum examined in this program. Alloy additions 
of titanium by means of physically deposited coatings signifi
cantly improved the fracture toughness of welds in sintered 
molybdenum, whereas titanium additions to welds in vacuum arc 
remelted molybdenum decreased the fracture toughness slightly. 
Pulsed laser welds exhibited fine columnar structures and, in 
the case of sintered molybdenum, superior fracture toughness 
when compared with continuous wave laser welds. 

•This work was supported by the U.S. Department of Energy (DOE) 
under Contract Number DE-ACOI-76-DPOO789. 
**A U.S. DOE facility. 
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INTKODUCTION 

The principal problem with molybdenum welds is the high 
propensity for intergranular fusion zone cracking. Earlier 
workers attribute this to segregation of oxygen to grain 
boundaries. As little as 2 ppm oxygen is sufficient to cause 
grain boundary embrittlement in cast molybdenum. Conversely, 
fine equiaxed grain structure (ASTM grain size 6 or finer) re-
crystallized wrought molybdenum remains ductile at room tempera-

2 ture with up to 20 ppm oxygen. Molybdenum welds typically 
exhibit a coarse columnar grain structure; consequently, the 
mechanical properties of molybdenum welds tend to be more like 
those of cast molybdenum than those of wrought molybdenum. 

Earlier studies have shown that ductile welds can be pro-
duced in molybdenum alloys containing 0.5-0.7 \it% titanium.-" 
It is suggested that titanium getters the oxygen and thereby 
eliminates grain boundary embrittlement. However, substitution 
of molybdenum-titanium alloys for commercially pure molybdenum 
would require development of new forming techniques. It is 
important, therefore, that weld schedules for commercially pure 
molybdenum be developed. 

The objective of the present study is to define a welding 
process capable of consistently producing hermetic seals in 
thin walled high vacuum devices made of molybdenum. To meet 
this objective, the welds need to possess sufficient fracture 
toughness so that service loading does not develop leaks. The 
overall experimental program involves three approaches to 
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improving the ductility of molybdenum welds: 1) refinement of 
fusion zone columnar structures, 2) the use of vacuum arc 
rer.ielted (VAR) molybdenum, and 3) the addition of titanium to 
the weld. 

This paper describes the welding of three commercially pure 
molybdenum grades. The effect of fusion zone grain size is 
evaluated by using two different laser welders, the pulsed Nd: 
YAG and the continuous C0 2. Titanium is added to the weld by 
physically depositing titanium on the weldment prior to welding. 
Data from a specially developed test that measures the fracture 
toughness of the welds, together with metallographic and fracto-
graphic information, is presented. These data are used to 
elucidate the effects of welding parameters, material grade, 
and titanium additions to the weld. 

EXPERIMENTAL 

Materials - The study included one grade of commercially pure 
sintered molybdenum (AMAX 100) and two grades of VAR molybdenum 
(ASL-1 and AS-2). Earlier workers^ have generally found that 
VAR molybdenum yields welds of greater ductility than those of 
sintered molybdenum and attribute the difference in weld duc
tility to generally better deoxidatlon practice in the case of 
vacuum arc remelting. Actual lot analysis by two independent 
laboratories for the materials employed in these studies indi
cate that the oxygen content ranged from 31-61 PPm, 30-57 Ppm, 
and 30-53 ppm for the AMAX grade 100, ASL-1, and AS-2, respec
tively. Therefore, we conclude that there was no significant 
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difference in the oxygen content of the three grades of 
molybdenum for the specific lots used. The nitrogen content 
of all three grades was 10 ppm or less. The carbpn content of 
one of the VAR grades (AS-2) was much higher than that for the 
other two grades employed (140-190 ppm vs. <5 to 21 ppm). 

For evaluation of weld properties, test specimens consisted 
of two 35 mm-dia. discs placed together and welded on edge. 

q Prior to welding, the specimens were chemically cleaned and 
were vacuum annealed for one-half hour at 1173 K. Welding was 
performed in a chamber purged with technical grade argon. 

To evaluate the effect of titanium in the weld, titanium 
was physically deposited on one face of the molybdenum discs by 
radio frequency sputtering to metallization thicknesses of 2.5 
and 5 urn. By placing two metallized discs together a weldment 
with a maximum metallization thickness of 10 urn could be 
created. 

Processes - Two types of lasers were employed in this study: 
a pulsed Nd:YAG laser (1.06 urn wavelength) and a C0 2 laser 
(10.6 um wavelength). In the case of Nd:YAG laser welding, 
some optimization of process parameters (e.g. pulse length, 
energy per pulse) had been done in a preliminary study con
ducted with a 150 watt average power laser. When 150 watt 
average power proved to be inadequate for welding molybdenum, 
the earlier study was discontinued. This paper reports data 
for welds made with a ^00 watt Nd:YAG laser. 

The welding with the H00 watt laser was done at the 
manufacturer's plant with no attempt made to optimize the weld 



schedules. Weld schedule selection was guided by the work done 
earlier with the lower power laser. For weld schedules approach
ing sharp focus and with pulse energies in the 15.-20 joule 
range, weld depths up to ~1.2 nun were obtained. However, the 
preparation of fracture toughness test specimens (see Table I) 
was limited to weld schedules that produced 0.56-0.60 mm weld 
penetration, since earlier work with the 150 watt laser had 
indicated that excessive power density could result in weld 
porosity and a concomitant reduction in fracture toughness. 
No doubt further weld schedule development could result in weld 
penetration greater than 0.6 mm without excessive weld porosity. 

All of the CO, laser welds were made under conditions that 
produced the maximum power density obtainable. The laser was 
operated at the maximum average power (820 watts) at which low 
beam divergence (~5 milliradians) could be obtained. Initial 
welding attempts were made at sharp focus with a 102 mm focal 
length lens. Very little weld penetration was obtained. To 
compensate for the lower peak power afforded by the CC 2 laser 
(see Table I), the focal length of the objective lens was 
changed from 102 mm to 51 mm, which effectively increased the 
power density by a factor of four. Employing the shorter focal 
length lens, welds of ~0.75 mm weld penetration were obtained. 

Evaluation of Weld Samples - Primarily, the welds were compared 
on the basis of a fracture toughness test adapted from one 
originally devised by Williams. The weld specimen employed 
is illustrated in Figure 1. The test involves adhesively 
bonding a welded specimen to a rigid test fixture as illustrated 
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in Figure 1 and, then, internally pressurizing the specimen to 
failure. The critical stress intensity factor K' for a specimen 
of this geometry is given by. " 

-1 c d 

1.1 • 10 ~-p; ksi h3/2 

where 

P = the pressure in psi at failure 

a = the specimen radius in inches at the root of 
the weld and 

h = the sheet thickness in inches. To obtain KQ in 
SI units (MN m " 3 / 2 ) , K_ in ksi -Jin is multiplied 
by 1.12. 

The test yielded valid plane strain critical stress inten
sity values when weld penetration was sufficiently lar-.c com
pared to the plastic zone size at the crack tip (-17 times the 
radius of the plastic zone • L _ : LJ) . For the geometry of the 
molybdenum specimens employed in this study, reported K values 

H 

are valid plane strain critical stress intensities for K n values / 
up to 6 and 7 MN m ' for Nd'.VAG laser welded specimens and 
C0 ? laser welded specimens, respectively. Reported values of 
K- greater than these values are somewhat low due to a geometric 
effect, and the measured toughness would benefit by greater 
weld penetration. In any case, the test is a measure of 
fracture toughness for the specified geometry, and comparisons 
among specimens of the same geometry are valid. 



The fracture surfaces were characterized by scanning 
electron microscopy. In addition, metallographic sections of 
selected welds were made to observe the microstrifctures of both 
the fusion zone and heat affected zones. 

Effect of Process Conditions - Table II compares the fracture 
toughness of welds for the different process conditions made 
with the three grades of molybdenum. These data Indicate that 
the sensitivity of the fracture toughness of welds to process 
conditions is greater for sintered molybdenum than VAR molyb
denum. The fracture toughness of the C'.J CO, laser welds of 
sintered molybdenum is consistently lower than that of those 
made with the Nd:YAG laser, even though the weld depth was less 
for the latter welds (0.56 mm vs. -0.75 mm). Also, the fracture 
toughness of the Nd:YAG laser welds made with the 9.1 mm/sec, 
33 HZ weld schedule is worse than those made by the other two 
weld schedules. The overlap between welds made by the individual 
pulses was less for this weld schedule than the others (-73£ vs. 
>80fO. 

The intercolumnar spacing alone the direction of welding 
was also influenced by process conditions. For specimens welded 
at 33 HZ, intercolumnar spacings of 2<) and 23 pm ne.e observed 
for weld speeds of 6.6 and 9.1 mm/sec, respectively. The 
intercolumnar spacing for CW CO-^laser welds of unalloyed 
molybdenum was 58 um. The intercolumnar spacinc showed no 
dependence on the type of molybdenum for either process. These 
data indicate that pulsed Nd:YAG laser welding produces smaller 
grained fusion zones than that obtained from a continuous welding 
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source (see Figure 2). The fine columnar structure can be 
partially attributed to the high weld efficiency '. (low heat In 
input) of laser welding. However, the columnar structure of 
the pulsed Nd:YAG laser welds was actually finer than that of 
COp laser welds of even higher welding efficiency. The pulse 
mode of energy input probably results in further refinement of 
the columnar- structure due to the high peak power and the 
change in the direction of columnar growth at the beginning of 
( ĥ new pulse. 

The C0„ laser welds contained a, large number of voids that 
tended to be concentrated near the root of the weld and gener
ally ranged from 50 to 2000 urn In diameter. These voids probably 
contributed to the lower fracture toughness of welds of sintered 
molybdenum made by CO- laser welding as compared to that of 
those made by Nd:YAG laser welding. This difference in fracture 
toughness might also be partially attributed to the observed 
differences in columnar spacing. 

The characterization of fracture surfaces ±c summarized in 
Table III for all specimens. For the specimens of unalloyed 
molybdenum, the fracture character varied from all intergranular 
fracture (see Figure 3) for the sintered molybdenum to a mixture 
of both intergranular and transgranular cleavage (mixed mode -
s-̂e Figure 4) for the high carbon VAR specimens. It is inter
esting to note that the low carbon VAR specimens with lower 
values of K Q failed by intergranular fracture, whereas that with 
higher K Q values consistantly exhibited mixed mode failures. 
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Although the fracture toughness of the VAR grades of molyb
denum, was consistently better than that of sintered molybdenum, 
the fracture i_ehavior cannot be correlated with axygen content, 
as earlier believed. In the sheet form, the oxygen content of 
the three grades does not differ significantly and Is sufficient 

1 2 5 14 to embrittle weld fusion zones. ' ' ' However, low fracture 
toughness does appear to correlate with a propensity for inter-
granular failure. This suggests that low fracture toughness is 
due to impurity segregation to grain boundaries. 

Effect of Titanium Additions - The effect of titanium additions 
on the fracture toughness of molybdenum welds was evaluated 
using the CVJ C0 ? laser. Results are graphically summarised in 
Figure 5. The addition of titanium to welds markedly improved 
the fracture toughness of sintered molybdenum specimens, where
as the fracture toughness of VAR molybdenum welds was slightly 
reduced. Titanium additions to welds promoted transgranular 
fracture over intergrarular fracture (compare Figure 6 with 
Figures 3 and 4). For specimens coated with 5 ym titanium, all 
three types of molybdenum exhibited mixed mode fracture, where
as fracture within the fusion zone was totally transgranular 
for specimens with 10 ym. The improvement in weld toughness 
afforded by minor alloying additions of titanium have generally 
been attributed to the gettering of oxygen. ' Because oxygen 
analyses for sintered molybdenum and VAR molybdenum are essen
tially the same, it is not clear that the beneficial effect of 
titanium additions to sintered molybdenum welds can be simply 
attributed to oxygen gettering* 
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Titanium additions also influence columnar spacing. The 
intercolumnar spacing along the direction of welding for Cw 
C0„ laser welds measure 58 3 40, and 32 urn for 0, 5, and 10 urn 
of titanium, respectively. The reduction in columnar spacing 
with additions of titanium may account in part for the improve
ment in the fracture toughness of sintered molybdenum. 

CONCLUSIONS 

1. Pulsed Md:YAG laser welding reduces columnar spacing as 
compared with welding with continuous C0„ laser welding. 

2. Fracture toughness of sintered molybdenum welds can be 
improved by pulsed laser welding as compared with con
tinuous laser welding. 

3. Welds of vacuum arc remelted grades of molybdenum are 
tr . .•• than those of sintered molybdenum. 

4. ' -;-ly deposited films of titanium on molybdenum 
Vic ...ents (prior to welding), reduce columnar spacing 
and result in an increase in the fracture toughness in 
welds of sintered molybdenum. 

5. The increase in fracture toughness of sintered molybdenum 
welds when titanium is added to che weld cannot be 
attributed exclusively to oxygen gettering. 
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TABLE I 

LASER VELD SCHEDULES FOR FRACTURE TOUGHNESS SPECIMENS 

400 400 820 820 

9.1 9.1 12 31 

43 1)3 20 21! 

2.2 1.3 CW CW 

12 7.5 CW CW 

Average Power 
watts 

1)00 

Weld Speed, 
mm/sec. 

6. 6 

Heat Output, 
joules/mm 

60 

Pulse Length, 
msec. 

2. 2 

Energy per 
Pulse, joules 

12 

Pulse Rate, Hz 33 
Peak Power, 
watts 

5500 

33 33 CW CW 
5500 5800 820 820 

Spot Size, mm* 1 1 1 1 / 1 ) i/l) 
Peak Power .9 x 10* .9 x 1011 1011 1.6 1 lo' 1.6 x 10 
Density 
watts/mm^ 
Focal Length, 102 102 102 51 51 
mm 

9.1 1)2 

13 20 

1.3 CW 

7.5 CW 

33 CW 
5800 820 

1 1/4 
int i f, • 

•Spot sizes may be in error by as much as 20?. Therefore, 
estimated peak power density may be in error by 40$. 
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TABLE II 
FRACTURE TOUGHNESS OF UNALLOYED MOLYBDENUM WELDS 

K. in MN m"3/2* 

Weld Schedule 
1\ 

Laser 
feld Speed 
mm/sec 
34 

Pul se Rate, 
Hz 

Vacuum Arc, 
Sintered Low Carbon 

Vacuum Arc, 
High Carbon 

co2 

feld Speed 
mm/sec 
34 Cff 3.6 9.7 10.4 

Nd:YAG 6.6 33 8.9 15.1 10.8 
Nd:YAG 9.1 33 S.2 9.2 13.1 
Nd:YAG 9.1 53 10.1 10.1 9.2 

Average for 3-5 specimens tested per condition. 
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TABLE III 

CHARACTERIZATION OF FRACTURE SURFACES 

CW CO, Laser Welds 
Amount of Titanium Metallization, um 

Type of 
Molybdenum 
Sintered 

Pulsed 
Nd:YAG 
Welds 0 

Mostly Mostly 
Intergranular tntergranular 
Fracture With Many 

Voids 

5 10 
Mixed Transgranular 

Fracture in 
Fusion Zone 

Vacuum 
Arc, Low 

Vacuum 
Arc, High 
Carbon 

Mostly Mostly 
Intergranular- to >80$ 

Intergranular 
Mixed Mixed 

Mixed Transgranular 
Fracture 

Mixed Transgranular 
Fracture 

* Mixed: mixture of intergranular and transgranular fracture. 
** Fracture path principally confined to HAZ where it was 

intergranular. 
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WELD 

TEST 
FIXTURE 

M01YBDENUM 
TEST SPECIMEN 

PRESSURIZE WITH GAS 

Fig. 1. Schematic showing weld test specimen durinp fracture toughness testing. 



(a) 

(b) 

•mmmmmmmm^h^m 
Fig. 2. Metallographic weld sections illustrating 

difference in columnar structure between CH 
and pulsed laser welds. 
(a) CW CO, laser weld of sintered molybdenum, 

42 mm/sec. 
(b) Pulsed Nd:YAG laseT weld of sintered 

molybdenum, 6.6 mm/sec. 
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Fig. 3. SEM fractograph of CW CO, laser weld of sintered 
molybdenum exhibiting inrergranular fracture. 

Fig. 4. SEM fractograph of CW C0 2 laser weld of high carbon vacuum arc remelt molybdenum exhibiting both inter-
granular and transgranular fracture. 
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CW CO 2 LASER WELDS 

THICKNESS OF TITANIUM GETTER OH WELDMENT.u 

Tig. 5. Influence of titanium additions on fracture 
toughness of CO, laser welds. 

Fig. 6. SEM fractograph of CIV CO, laser weld of sintered 
molybdenum with 10 urn titanium exhibiting 
transgranular fracture. 
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