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Effect of impurities on the weldability of 
powder metallurgy, electron-beam melted and 
arc-melted molybdenum and its alloys 

FUMIO MORITO 
National Research Institute for Metals, I-2- 1 Sengen, Tsukuba 305, Japan 

Welds of various molybdenum metals and alloys were examined by bend tests between 183 
and 333 K, and the fracture surfaces were observed by scanning electron microscopy and 
Auger electron spectroscopy. In PM-Mo, blow holes were formed but weldability was 
improved by selecting high-purity powder, which contained low concentrations in oxides 
forming impurities, to reduce the total content of oxygen. Nitrogen segregated to grain bound- 
aries promoted intergranular brittleness in PM-Mo. However, in EB-Mo, AM-Mo, Mo- 
0.56% Nb and TZM, nitrogen was hardly detected and carbon segregation was always present 
at grain boundaries. Carbon segregation and carbide precipitation were found to strengthen 
the grain-boundary cohesion and improve the ductility. 

1. Introduction 
It has been reported that the presence of impurities 
such as oxygen, carbon and nitrogen could have a 
strong effect on the mechanical properties of molyb- 
denum and its alloys [1-4]. These impurities would 
segregate and precipitate at grain boundaries to 
enhance intergranular embrittlement. Until recent 
years, the effect of impurities was analysed by the 
function of total concentration in the bulk material, 
but recent progress in microanalyses has enabled 
understanding of the microstructure and impurity 
distribution at grain boundaries. In highly purified 
bicrystals [5], interglanular fracture surfaces were free 
from foreign elements to the level of sensitivity in the 
Auger electron spectroscope (AES). Such an intrinsic 
intergranular brittleness was also observed in an ultra- 
purified polycrystalline molybdenum [6]. With an 
AES analysis in a bamboo-type bicrystal of high- 
purity molybdenum [7], controlled oxygen addition 
and carbon doping revealed that oxygen segregated to 
grain boundaries caused intergranular brittleness, 
but carbon suppressed oxygen segregation at grain 
boundaries resulting in improved ductility. The direct 
effect of carbon segregation at grain boundaries has 
demonstrated that the ductility in coarse-grained 
molybdenum melted by an electron-beam process was 
remarkably improved by ageing at about 800 K [8]. 
Similar ageing around 1000 K has been shown by AES 
analysis to induce carbon segregation at grain bound- 
aries in a recrystallized molybdenum [9]. 

Carbide precipitation was also proposed to improve 
the cohesion of grain boundaries forming low-energy 
semicoherent interfaces [10, 1i]. Welds of a molyb- 
denum alloy, TZM, were studied by AES and revealed 
that oxygen or other interstitial elements were elim- 
inated as sources of grain-boundary embrittlement 
[12]. But in the electron beam welded PM-Mo [13], 
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nitrogen segregation was recognized at the grain 
boundaries in weld metal and was considered to 
enhance embfittlement of the welds. Postweld heat 
treatment contributed to the recovery of ductility. 
Carbon segregation and precipitation by heat treat- 
ment strengthened the cohesion of grain boundaries 
and resulted in improving the ductility [14]. In this 
study, a variety of electron-beam welds in molyb- 
denum metals and its alloys were tested by bend tests. 
Microstructure and fracture surfaces were examined 
to discuss the effect of impurity on the weldability and 
intergranular embrittlement. 

2. Experimental  detai ls  
Materials used in this study are, as given in Table I, a 
variety of powder metallurgy molybdenum (PM-1, 
PM-2 and PM-3), arc-melted molybdenum (AM-1 and 
AM-2) and TZM, electron-beam melted molybdenum 
(EB-1 and EB-2) and Mo-0.56 % Nb. Electron-beam 
welding was carried out under typical conditions 
such as beam voltage 50kV, beam current 50mA, 
welding speed 30 mm sec l and vacuum less than 2.7 x 
10 2pa as shown in Table II. Bend specimens, 
l mm x 3 mm x 25 mm, were tested at a cross-head 
speed of 1 mm min i. Heat treatments between 1173 
and 1773 K were carried out for 1 h in a vacuum below 
2.7 x 10 4pa. Carburized annealing was carried 
out at 1773 K for 30min after carbon deposition 
[15]. Fracture surfaces and microstructure were then 
examined by scanning electron microscopy (SEM) and 
AES. 

3. Results and discussion 
3.1. Metallography 
Fig. 1 shows the bead pattern surface PM-3 which 
could not gain sound welds. There appeared sputtered 
melts, wavy bead edges and disordered bead ripples, 
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Figure 1 Examples of the bead pattern surfaces in as-welded PM-3. 
(a) sputtered melts, (b) and (c) blow hole. 

as seen in Fig. 1 a, in contrast with smooth and straight 
beads in the sound welds. Large blow holes were 
sometimes observed even in the bead surface as in 
Fig. lb. Blow holes were often found in the bond 
region near the heat-affected zone as in Fig. l c. 

Fig. 2 shows the sound weld macrostructure of a 
cross-section of as-welded PM-2, where directionally 
solidified weld metal with large grains, a heat-affected 
zone with comparatively small grains, and base metal 
with rolling texture, were clearly distinguished. PM- 1, 
PM-2 and all other melted materials formed sound 
welds. 

3.2. Bend properties 
Fig. 3 shows bend ductility as a function of test tem- 
perature in PM-1. The unwelded specimen, which was 
as-rolled or annealed at 1173 K for 1 h, had superior 
ductility. They were fully bent even at 183 K. But even 
sound welds exhibited comparatively low ductility. 
As-welded and postweld annealed samples showed 
less ductility than recrystallized base metals at 263 K. 
Carburized annealing was remarkably effective in 

improving ductility in both weld and base metal [8, 9, 
13-15]. The ductile brittle transition temperature 
(DBTT) was defined at the bend angle of  5 ° in this 
study. The DBTTs in various types of  molybdenum 
and its alloys are listed in Table Ill. As-welded speci- 
mens in PM-1 showed DBTT between 220 and 250 K 
irrespective of  annealing temperature before annealing. 
Postweld annealing below 1473K maintained the 
DBTT at 223 K in the specimen annealed at 1473 K 
before welding. However, postweld annealing at 
1673 K was not effective so that the DBTT increased 
to 265 K irrespective of preweld annealing. Carburized 
annealing for PM-Mo remarkably decreased the DBTT 
to less than 185 K in both weld and base metal. In 
PM-2, the as-welded specimen revealed a significantly 
lower DBTT of about  200 K. Postweld annealing at 
1173 K increased the DBTT to 216 K. Specimens post- 
weld annealed above 1473 K increased the DBTT to 
more than 230 K, which was the DBTT in the base 
metal recrystallized at 1673 K. The DBTTs of the base 
metal in PM-2 similarly varied with annealing tem- 
perature as those in PM-1. Blow holes occurred in the 
welds of  PM-3 as mentioned previously. So the highest 
DBTT of the as-welded specimen was recognized to be 
325 K and that of  the postweld annealed one decreased 
to 271 K showing a considerable improvement in duc- 
tility. The DBTT of postweld annealed EB-I was less 
than 183 K, which was an almost similar ductility to 
the recrystallized base metal in EB-I or postweld 
annealed EB-2. In EB-2, carburized annealing before 
welding was more effective than postweld carburized 
annealing. The DBTT of postweld annealed M o -  
0.56 % Nb was very similar to that of  the recrystallized 

T A B L E I Chemical compositions of the materials in this study (wt p.p.m.) 

A1 Mg Ca Cu Si Mn W Ni Fe Ti Zr Nb Ta Cr C N O 

PM-I 2.1 1.6 11 3.6 15 <50 <50 < I00  <40 7 6 16 
PM-2 <3  <0.8 <2  <3  15 <3  5 20 5 6 18 
PM-3 < 3 9 5 5 7 6 27 
EB-I 66 0.9 280 0.6 2.4 1.6 39 22 2.1 I7 3 16 
EB-2 90 0.4 57 31 II 25 21 22 8 I1 2 21 
AM-I 1890 
AM-2 7 
Mo 0 .56%Nb 2 3 5600 5 57 2 I0 
TZM 10 <10 20 4500 940 119 6 14 
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Figure 2 Macrostructure of as-welded PM-2. 

base metal. As-welded AM-2 revealed low ductility 
and a DBTT above 343 K, which was considerably 
higher than that of as-welded AM-1. Welds of TZM 
showed a slightly higher DBTT between 180 and 
200K than the recrystallized base metal. Postweld 
carburized annealing for TZM and EB-2 was not as 
effective in base metal or the weld. EB-Mo and Mo 
alloys, such as Mo-0.56 % Nb and TZM, were found 
to have superior bend ductility to PM-Mo and AM- 
Mo in this experiment. 

3.3. F r a c t o g r a p h y  
Welded molybdenum and alloys generally fractured in 
the weld metal. Cracks initiated at grain boundaries 
and propagated mainly along the grain boundaries. 
Below DBTT, premature fracture was often observed, 
so that welds fractured before yielding at a very low 
stress. Examples of brittle fracture surfaces are shown 
in Fig. 4. As-welded AM-1 containing 1890wtp.p.m. 
carbon revealed large carbide particles as seen in 
Fig. 4a. Postweld annealed TZM showed many small 
precipitates at grain boundaries (Fig. 4b). Carbide 
precipitates were generally present at grain bound- 
aries in all melted materials except AM-2. It was  
generally difficult to find an indication of precipitation 
in PM-Mo. However, postweld carburized PM-1 
formed very fine precipitates at grain boundaries 
as shown in Fig. 4c. Heat-treated welds in PM-Mo 
exhibited an indication of precipitation in some parts 
of the intergranular fracture surfaces. 

As mentioned previously, carburized annealing 
greatly strengthened the base material and welds in 
PM-Mo due to carbon precipitation and improved the 
ductility except in the case of TZM and EB-2 weld. 
Microporosities were observed in the cleavage frac- 
ture surfaces as well as in the grain-boundary fracture 
surfaces in almost all cases. However, their influence 
on mechanical properties seemed to be not so signifi- 
cant, because sphere-like defects with a very small size 
and diffuse density were insensitive to notch effect 
[13, 14, 19]. 

Fig. 5 shows the fracture surface and AES map 
which contained blow holes in the weld metal of 

TAB LE 11 Electron-beam welding conditions 

Accelerating voltage 50 kV 
Beam current 50 mA 
Welding speed 30 mm s e c t  
Work distance 175 mm 
Focus surface 
Joint type bead on plate 
Vacuum <6.7 x 10 2pa 
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Figure 3 Bend ductility of base metal and weld in PM-1. Base metal: 
(O) as-rolled, (O) annealed at 1173 K, (v) annealed at 1473 K, (a) 
annealed at 1673 K, (D) carburized at 1773 K. Weld: (e) as-welded, 
(1) postweld annealed at 1673K, (I)  postweld carburized at 
I773K. 

PM-3. No other peaks except those of molybdenum 
were observed in the smooth grain boundaries. Oxy- 
gen, potassium and calcium were enriched within the 
blow holes suggesting that oxides were formed and 
vapourized during welding. 

3.4. Effect of nitrogen 
Auger electron spectra taken from fracture surfaces 
are shown in Fig. 6. Intergranular fracture surfaces 
in as-welded PM-1 clearly indicated nitrogen segre- 
gation, as seen in Fig. 6a. After postweld annealing 
at 1673K, there was no detectable impurity peak 
(Fig. 6b) which resembled the case of unwelded recrys- 
tallized PM-1. The total nitrogen content in the weld 
metal was not significantly changed after electron- 
beam welding and there was no indication of such a 
profuse nitrogen segregation in the case of melted 
molybdenum and alloys. Therefore, nitrogen segre- 
gation occurred mainly from redistribution of nitro- 
gen in the bulk and partly from the welding atmosphere 
during welding and cooling. A sputter experiment 
indicated that nitrogen segregation was limited to the 
near surfaces of intergranular fracture. However, it 
was difficult to distinguish the chemical state of nitro- 
gen segregation at the grain boundaries in this experi- 
ment. Following the standard quantitative method 
[16], nitrogen concentration at grain-boundary regions 
was compared to the yield stress at DBTT as shown in 
Fig. 7. According to the detailed work on brittle 
behaviour of molybdenum at low temperature [17], 
the yield stress at DBTT was considered to be critical 
yield stress (~c) which was nearly equal to crack 
propagation stress or crack nucleation stress, In as- 
welded PM-Mo which contained about 20 at % nitro- 
gen at grain boundaries, an increase in nitrogen at 
grain boundaries tended to decrease the critical yield 
stress and increase the DBTT. This reflected not only 
the effect of nitrogen concentration at grain bound- 
aries but also microstructure in the weld. For example, 
blow holes in as-welded PM-3 seemed to promote 
weakening of the critical yield stress and an increase in 
DBTT. However, after postweld annealing at 1673 K, 
nitrogen disappeared and the DBTT and the critical 
yield stress became about 250 K and about 500 MPa, 
respectively. Thus nitrogen segregation was quali- 
tatively detrimental to grain-boundary cohesion in 
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as-welded PM-Mo. Nitrogen was suggested to pro- 
mote low interatomic bonding in the grain-boundary 
structures. Nitrogen-nitrogen bonding or nitrogen- 
molybdenum bonding seemed to decrease grain- 
boundary cohesion. Further study is required to 
understand the detailed nitrogen structure at grain 
boundaries. 

3.5. Effect of oxygen 
When an AES spectrum was taken from the micro- 
porosity or the oxide particles on grain boundaries in 
as-welded PM-1, aluminium, phosphorus, sulphur, 
potassium and calcium, as well as oxygen, were often 
observed. As mentioned before, potassium and cal- 
cium with oxygen were enriched in the blow holes of  
PM-3. However, it was difficult to observe such par- 
ticles and no blow holes were found in other speci- 

3406 

Figure 4 Examples of fracture surfaces in (a) as-welded AM-I, (b) 
postweld annealed TZM, and (c) postweld carburized PM-I. 

mens produced by the melting process. So the purity 
of  the PM-Mo was carefully checked to obtain a 
sufficiently high weldability. Oxygen peaks were rarely 
found on the smooth grain boundaries. I f  it was 
present, oxygen segregation was sufficiently lower 
than the limit of  AES detectability. Therefore, grain- 
boundary embrittlement by oxygen segregation was 
not the case in this experiment. Oxygen in solution in 
molybdenum was very small at room temperature. 
Large parts of  oxygen therefore seemed to be present 
in the form of oxide. Contents of magnesium and 
calcium as well as oxygen in PM-3 were relatively 
large compared to PM-1 and PM-2. There was no 
difference in aluminium content between them. The 
silicon content in PM-1 was as large as in EB-Mo, but 
it was considered to be less harmful in respect of  
forming no blow holes as in EB-Mo. Other oxide- 
forming elements such as iron, nickel and chromium 
were also present considerably greater contents in 
PM-3. So it was desirable to decrease these elements in 
order to reduce the oxygen content as much as possible 
in the material. At the same time, it was also desirable 
to reduce elements such as phosphorus, sulphur and 
potassium, which were not analysed as in Table I. 
When the total content of oxygen was lowered to less 
than 20 wt p.p.m, as in melted materials, by selecting 
higher purity powder and severe process control 
during sintering and following heating and rolling, 
sound welds could be obtained reproducibly in 
PM-Mo. 

3.6. Effect of carbon 
Fig. 8 shows the critical yield stress and the DBTT as 
a function of  carbon concentration at grain bound- 
aries in PM-Mo. With an increase in carbon at grain 
boundaries, the critical yield stress increased from 900 
to 1250MPa in base metal and from 550 to above 



Figure 5 / \ E S  maps of as-welded PM-3: (a) secondary electron micrograph, (b) calcium image, (c) oxygen image and (d) potassium image. 
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Figure 6 Auger spectra at grain boundaries of welded PM-I: (a) 
as-welded, (b) postweld annealed, (c) postweld carburized, and (d) 
as-welded specimen with annealing at 1673 K before welding. 

1000 MPa in the weld. The DBTT of base metal corre- 
spondingly decreased from 230 to 185 K and that of  
the weld from 270 to less than 183K. It was not 
difficult to find precipitates in the specimen which 
contained less than 1 0 a t %  carbon at grain bound- 
aries. This fact means that carbon segregation contri- 
buted to the enhancement of  cohesion of grain bound- 
aries and improved ductility. As shown in Fig. 6c, 
there is clearly a rise in carbon peak of more than 
20 at % on the fracture surface of postweld carburized 
PM-1. This carburization increased the total carbon 
content to about  27 wt p.p.m., so that a net increase of 
20wtp.p .m.  carbon contributed to precipitate fine 
carbides as seen in Fig. 4c and the ratio of  cleavage 
fracture surfaces also increased. Therefore it was 
demonstrated that carbon precipitation as well as 
carbon segregation was effective in strengthening the 
grain-boundary cohesion [20]. 

Fig. 9 shows that the carbon segregation at smooth 
grain boundaries in melted specimens varied between 
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13% and 30%. These specimens generally showed 
carbide precipitates at grain boundaries, as mentioned 
previously. The critical yield stress was above 
1400MPa in as-welded or carburized EB-2 before 
welding. It decreased to 850 MPa after postweld heat 
treatment, which was nearly the same as that of recrys- 
tallized base metal or postweld annealed EB-1. That 
of TZM, both in base metals and welds, was above 
1400MPa, irrespective of heat treatment. That of 
postweld annealed Mo-0.56 % Nb showed a higher 
value of about 1050 MPa. The DBTTs of these speci- 
mens were all less than 195 K. Accordingly, carbon 
segregation and precipitation were demonstrated to 
improve ductility due to an increase in grain-boundary 
cohesion in melted molybdenum metals and alloys. 
Recently, it was reported that the effect of carbon 
impurity on grain-boundary fracture is structure depen- 
dent in the < l l 0 > M o  bicrystals [18]; Carbon dis- 
solved or precipitated at a grain boundary increases 
the cohesion of the intrinsically weak boundaries and 
decreases the cohesion of the intrinsically strong 
boundaries. But, as for polycrystalline specimens in 
this study, carbon segregation and precipitation were 

generally very effective in improving ductility in welds 
and base metals. A large number of excess carbons, 
however, formed large precipitate particles at grain 
boundaries and within grain interiors, resulting in a 
hardening of the grain boundary zone and precipitate- 
matrix interfaces. Thus it decreased cohesion of grain 
boundaries and interfaces and fractured in a,brittle 
manner as in the weld of AM-1. Depth profiles were 
obtained by argon-ion bombardment, but it was diffi- 
cult to distinguish the state of carbon in this sputter 
experiment by adsorption of carbon and oxygen from 
the atmosphere. Further study to understand struc- 
ture and chemical state of carbon bonding must also 
be performed. 

4. Conclusions 
Bend properties of electron-beam welds in various 
types of molybdenum and its alloys were examined 
and microstructure and fracture surfaces were evalu- 
ated. The main impurity effects on the weldability are 
summarized as follows. 

1. Blow holes were formed in PM-Mo with oxy- 
gen higher contents which contained considerable 

TAB L E I I 1 Ductile-brittle transition temperature of base metal and weld in molybdenum and its alloys 

Alloy Condition DBTT (K) 

PM-1 Base metal As-rolled < 183 
Annealed at I173K < 183 

1473 K 199 
1673 K 229 

Carburized 185 
Weld As-welded 249 

Postweld annealed at I673 K 265 
Carburized < 183 
Annealed at before welding 1473 K 
As-welded 223 
Postweld annealed at 1173 K 223 

1473K 223 
Annealed at before welding 1673 K 
As-welded 233 
Postweld annealed at 1673 K 265 
Carburized < 183 

PM-2 Base metal As-rolled < 183 
Annealed at 1173 K < 183 

I473 K 189 
1673 K 231 

Weld As-welded 203 
Postweld annealed at 1173 K 216 

1473 K 264 
1673 K 239 

PM-3 Weld As-welded 325 
Postweld annealed at 1673 K 271 

EB-1 Base metal Annealed at 1673 K 187 
Weld Postweld annealed at 1673 K 183 

EB-2 Weld As-welded < 183 
Postweld annealed at 1673 K < 183 
Carburized 187 
As-welded with carburization before welding < 183 

AM- 1 Weld As-welded 270 
AM-2 Weld As-welded > 343 
Mo-0.56 % Nb Base metal Annealed at 1673 K 189 

Weld Postweld annealed at 1673 19 l 
TZM Base metal As-rolled < 183 

Annealed at 1773 K < 183 
Carburized < 183 

Weld As-welded 187 
Postweld annealed at 1773 K 183 
Carburized 195 
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Figure 7 (a) Critical yield stress and (b) DBTT as a function of 
nitrogen content at grain boundaries in PM-Mo. (I]) Base metal of 
PM-I recrystallized at 1473 K, ( I )  base metal ofPM-1 recrystallized 
at 1673 K, (ex) as-welded PM-1, (A) PM-1 postweld annealed at 
1673K, (v) as-welded PM-2, (v) PM-2 postweld annealed at 
1673K, (o) as-welded PM-3, (o) PM-3 postweld annealed at 

1673 K. 
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Figure 9 Critical yield stress as a function of carbon content at grain 
boundaries in melted molybdenum and its alloys. (zx) EB-I, (n) 
EB-2, (©) TZM, (v) Mo 0.56 % Nb. 

2. Nitrogen segregation was observed in as-welded 
PM-Mo and promoted decohesion of the grain bound- 
ary resulting in a decrease of ductility. 

3. Melted molybdenum and its alloys generally 
eliminated oxygen and nitrogen segregation at grain- 
boundary surfaces in weld metal. Therefore, their 
bend properties tended to be superior to those of 
PM-Mo. It was indicated that weldability was generally 
affected by the characteristics of the base metal itself. 

4. Heat-treated or carburized PM-Mo and melted 
molybdenum and its alloys showed that carbon seg- 
regation and precipitation enhanced cohesion of the 
grain boundary and improved the ductility. 

quantities of oxide-former impurities. AES exhibited that 
no oxygen was observed at smooth grain boundaries, 
but blow holes and oxide particles often contained 
aluminium, phosphorus, sulphur, potassium and cal- 
cium. Other oxide-forming metallic impurities, such as 
silicon, magnesium, iron, nickel and chromium are 
desired to be reduced as much as possible. Sound 
welds were obtained when the total oxygen was 
lowered to less than 20 wt p.p.m. 
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Figure 8 (a) Critical yield stress and (b) DBTT as a function of 
carbon content at grain boundaries in PM-Mo. (e) Base metal, (©) 
weld. 
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