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The room temperature fracture toughness of sintered-extruded 
Molybdenum (Mo) sputter targets was measured. Values of 30 
and 34 MPa(m)1/2 are found in stress relieved and in recrystal-

lized conditions, respectively. Thermal stress in the Mo tube, due to 
temperature gradient across the walls during sputtering operation, was 
calculated. A maximum tensile hoop stress of 205 MPa is found on the 
inside wall of the tube and a compressive hoop stress of 173 MPa is 
found on the outside wall of the tube.  A minimum crack length of 5.6 
mm is calculated to be critical to cause failure, and it is proposed that 
a crack, if present, would less likely cause fracture due to compressive 
stresses existing beyond the mid-wall of the tube.

Introduction
Sputtering is a process in which energetically charged ions are bom-
barded onto a target material (i.e. sputtering target) causing the atoms 
to dislodge and get deposited onto the substrate. There are mainly two 
types of sputtering targets; planar and rotary. In general, rotary sput-
tering targets have higher material utilization than the planar targets 
by a factor of three and they have been used in the flat panel display, 
architectural glass coating and photovoltaic applications for many years. 
Traditionally these targets are manufactured by bonding a number of 
tube segments (made of the sputtering material, e.g. molybdenum, ITO, 
etc.) with indium, to an austenitic stainless steel (304) or titanium back-
ing tube. In certain instances, however, depending on target dimensions 
and materials it is possible to manufacture targets from one piece of the 
sputtering material - a design that is known on the market as “mono-
lithic targets”. The number of monolithic targets used in some of these 
industries (especially in PV) started increasing in recent years and a 
common question is raised by end-users of molybdenum (Mo) targets: 
‘what is the safe wall thickness to stop sputtering at’? It is important to 
identify the minimum wall thickness of a spent target that would allow 
end users to enjoy the benefits of using an extruded Mo rotary sputter-
ing target: increased power density, enhanced thermal transfer, extended 
target life time, etc.

During nominal sputtering operation, the outer surface of mono-
lithic Mo tube is at a temperature of around 200 °C and inside is at 
the room temperature of 25 °C due to cooling water flow. This creates 
thermal stresses and, if a crack is present in the material (due to manu-
facturing/inherent imperfections), there is likelihood for the crack to 
propagate. The question is addressed here from material failure due to 
fracture standpoint: what is the possibility of fracture in Mo tubes due 
to crack propagation resulting from high thermal stresses as the tube 
wall thickness decreases during sputtering operation. 

Experimental studies were conducted to determine fracture tough-
ness of single piece Mo and correlated with thermal stresses in the 
material due to temperature gradient across the tube walls. Further, 
estimates of minimum crack length were made and conclusions were 
drawn about the possibility of failure due to fracture in the monolithic 
Mo target during operation.

Experimental
Fracture toughness measurements on Mo tubes were carried out. Two 
sets of material tube conditions were tested: (1) stress-relieved (850 °C) 
and (2) recrystallized (1200 °C for 1 hour). Fracture toughness (KIC) 
measurements were made with cracks oriented on the radial plane along 
the circumference of the tube (L-C in Figure 1) and parallel to the lon-
gitudinal direction of the tube (C-L in Figure 1). These two morpholo-
gies were chosen to account for possible transgranular and intergranular 
fracture in elongated grains parallel to the longitudinal direction. The 
measurements from the tests are shown in Table 1. The reported values 
are an average of at least two measurements for the same orientation. 

The results strongly indicate the effect of texture (crystallographic 
and/or grain-boundary morphological) on the measured KIC s as the 
values along L-C are nearly twice that of the values measured along 
C-L. In addition, as expected, the recrystallized values are higher than 
the stress relived values due to negligible residual stresses present in the 
recrystallized condition (compared to the stress-relieved) and thereby 
increasing its KIC.

 
Figure 1. Two particular crack geometries L-C and C-L that were selected for fracture toughness measure-
ments of Mo tubes.

Table 1. Fracture toughness measurements on differently oriented cracks (refer Figure 1) of Mo tubes. 

Crack Orientation KIC (MPa (m)1/2)

C-L (stress-relieved) 18
L-C(stress-relieved) 30
C-L (recrystallized) 20
L-C(recrystallized) 34

Finite Element Analysis (FEA)
The thermal stress FEA of Mo tube was carried out by considering a 
fixed external surface temperature of 200 °C and internal temperature 
of 25 °C. The length of the tube was kept fixed at 1.8 m with fixed ends. 
The inner diameter (ID) was also kept fixed at 125 mm. A series of FEA 
were carried out with decreasing wall thicknesses (WT), starting with 
an initial WT of 20 mm under exactly same boundary conditions. 
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Figure 3. Hoop Stress distribution across the tube wall for ID= 125 mm at 25 °C and OD= 165 mm  
at 200 °C  
(a) FEA results, where S22 refers to hoop stress in Pa and  
(b) plot of S22 vs tube radius, r. The plotted data is fitted with the analytical expression in Equation 3.

 

Figure 4. Hoop stress variation across the wall for wall thickness of 20 mm and 4 mm.
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Table 2. Physical Properties of Molybdenum (Mo) used for FEA analysis.

Elastic Modulus
(E, GPa)

Poisson’s Ratio
(ν)

Thermal Conductivity
(K, W/m/°C)

Coefficient of linear 
expansion (α)

Yield Stress, Annealed
(σY, MPa)

329 0 .33 139 4 .8*10-6 340

The room temperature mechanical and thermal properties of Mo 
used in the model are indicated in Table 2 (Note: There is minimal 
variation in the properties due to temperature rise up to 200 °C, and is 
therefore neglected in the study).

Simulation Results
Temperature Distribution across the Wall for 20mm WT
Figure 2 shows the temperature distributing across a wall thickness of 
20 mm resulting from steady state FEA study i.e., when equilibrium 
temperature is reached across the wall due to fixed outer and inner tem-
peratures of 200 °C and 25 °C, respectively.

 Figure 2a

 

𝛻𝛻2T=0 

Figure 2b

Figure 2. Temperature distribution across the tube wall for ID= 125 mm at 25 °C and OD= 165 mm  
at 200 °C  
(a) FEA results, where NT11 refers to temperature in °C and  
(b) plot of T vs tube radius, r. The plotted data matches with known logarithmic expression.

The temperature color code within the cylindrical wall (represented 
in Figure 2(a)) is translated into temperature-vs-radial distance and is 
plotted in Figure 2(b).  The curve follows a logarithmic equation  
(R2 indicates a measure of fit). This is an expected result for steady-state 
temperature distribution as a function of radius in a cylinder. Readers 
may recall that under steady state the temperature (T) follows [1],

  T=0 ;       (1) 

 

 (1)

In cylindrical co-ordinate system,      
 
    

 
    

which results in T= A ln(r) + B, where A and B are constants deter-
mined using the boundary conditions, T= 25 °C at r = 62.5 mm and 
T=200 °C at r = 82.5 mm (in the present case).

The FEA simulation correctly predicted the temperature distribution 
expected analytically for all the different wall thicknesses.

Stress Distribution across the Wall for 20 mm WT
The thermal stress distribution in the tube for the above dimensions 
(i.e., ID= 125 mm, OD= 165 mm, and WT= 20 mm) is shown in 
Figure 3. Of all the different stress components, hoop stress (S22, in 
Figure 3(a)) is the one that is highest and is of maximum importance in 
the present analysis. Similar to Figure 2, S22 is plotted as a function of 
tube radius showing the variation from tensile to compressive stresses 
from ID to OD (Figure 3(b)).

In a cylinder and with a temperature distribution of T= a+ b*ln(r), 
the equation that governs the radial dependency to the radial  and cir-
cumferential hoop stresses are given by [1],

      
 
    

   
          

      
 
    

   
        

   
          

 
From the above equations, it can be seen that  varies as a function of 

r-2 and ln (r). A and B are determined by setting the Eq. 2 equal to zero 
at OD and ID. By taking a series expansion around r (at IR, the inner 
radius) it can be seen that is a polynomial function of ∆r/r, where ∆r is 
the incremental wall thickness (Figure 3(b)). 
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Figure 3. Hoop Stress distribution across the tube wall for ID= 125 mm at 25 °C and OD= 165 mm  
at 200 °C  
(a) FEA results, where S22 refers to hoop stress in Pa and  
(b) plot of S22 vs tube radius, r. The plotted data is fitted with the analytical expression in Equation 3.

 

Figure 4. Hoop stress variation across the wall for wall thickness of 20 mm and 4 mm.

Stress Distribution across the Wall for variable WT
A series of FEA with different wall thicknesses ranging from 20 mm to 
4 mm were carried out and the maximum tensile hoop stress (which is 
at the ID surface) was noted for individual wall thickness. This particu-
lar range was selected based on the fact that during sputtering, the wall 
thickness varies within this range. Figure 4 shows the stress distribution 
for two extreme wall thicknesses. It is important to observe that the 
maximum and minimum hoop stresses remain nearly the same as the 
wall thickness decreases. Table 3 shows the maximum hoop stress for all 
the different wall thicknesses. There is a slight decrease in hoop stress 
with wall thickness, though the variation is minimal to less than 5%.

Table 3. Variation in maximum hoop stress as a function of wall thickness (WT)  
during sputtering. 

ID
(mm)

OD
(mm)

WT= 0.5* 
(OD-ID)

(mm)

Maximum 
Tensile Hoop 
Stress, MPa  
(at the ID)

125 165 20 .0 205
125 160 17 .5 203
125 155 15 .0 201
125 150 12 .5 202
125 145 10 .0 198
125 139  7 .0 195
125 135  5 .0 197
125 133  4 .0 196

Fracture Analysis
From the previous experimental section (i.e., Section 2) the fracture 
toughness of stress relieved Mo (KIC) is found to be around 30 MPa 
(m)1/2 radially and 19.6 MPa (m)1/2 in the longitudinal direction. 
Note: Explicitly, the fracture toughness measurements were made in 
the L-C assembly and not in the L-R assembly (Section 2). However, 
it is assumed that the toughness values would remain the same in the 
radial plane.  Since the maximum hoop stress is around 18 times higher 
than the longitudinal stress, it is considered to be the primary source 
for causing fracture in the radial direction. Also, since the hoop stress 
is compressive on the OD and tensile on the ID, a crack can propagate 
only if it is located on the surface of the ID. Therefore, the appropri-
ate values chosen for the following fracture analysis are: KIC = 30 MPa 
(m)1/2 and stress equal to 205 MPa for determining the minimum  
crack length. 

Another aspect that may be important to mention is the pressure 
due to the cooling water on the walls of the tube. Typical water pressure 
inside the tube is around 100 psi that results in additional hoop stress of 
2.15 MPa. This value is insignificant compared to the thermal stresses 
found here, and is therefore neglected from the analysis. Similarly, the 
weight of the tube has miniscule effect on the thermal stress state as well 
(a maximum of 0.03 MPa hoop stress is found).

The stress intensity factor for a cylinder with a semi-elliptical surface 
crack (on the ID) is given by [2]

    
        

  
 

  

(4)
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where a= surface crack depth, s is the applied nominal stress, and Q is 
a factor that varies between 1.0 to 2.35. From the above equation, the 
minimum critical crack length (aC) is found to be 5.6 mm. This sug-
gests for a wall thickness greater than 5.6 mm, a crack can propagate. 
On the other hand, if the wall thickness is lower than 5.6 mm, the 
material would not fail due to fracture but may fail due to leakage (i.e., 
“leak-before-break” condition). Therefore, if the tube wall thickness has 
already reached 4 mm without failure during the operation, it is possible 
to sputter further without worrying about fracture.

Stress Consideration
Though an estimate for minimum crack length is proposed, it is unlikely 
for a crack to ever propagate in the current stress state condition. This 
is so because beyond the mid-wall thickness towards the OD side, the 
tube is under compression (see Figure 3); and on the ID side, though 
the surface is under tension, the hoop stress remains nearly the same 
during the entire sputtering process. Any crack propagation from the ID 
would be inhibited due to the compressive hoop stress on the OD.

Conclusion
The wall thickness of Mo tubes, when in operation, decreases from 20 
mm to end-of-life (EOL) around 7 mm. The goal by using a monolithic 
target configuration is to increase the target life by sputtering to a thick-
ness of 4 mm or lower. The question that was asked for this study is 
down to what thickness a Mo tube target can be sputtered without caus-
ing fracture along the wall thickness. The above analysis shows that a 

crack would be unlikely to cause failure in the material due to the com-
pressive nature of the hoop stress on the outside surface. Furthermore, 
by considering only the tensile hoop stress on the inner wall of the tube 
(a gross approximation), a critical crack length of 5.6 mm was calculated 
necessary to cause fracture. These results indicate that a wall thickness 
of 4 mm or lower would not fail due to fracture. Therefore sputtering a 
monolithic Mo tube down to, say, 3-4 mm wall thickness can be done 
safely without worrying about failure due to fracture.
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