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Abstract: The processing map of Mo-Nb single crystals was established on the base of Prasad instability. The hot deformation 

behavior of Mo-Nb single crystals has been characterized through stress-strain curves and processing map in the temperature range 

of 1100~1300 °C and strain rate range of 0.001~10 s

-1

. The results indicate that the flow stress is affected significantly by 

deformation temperature and strain rate during the hot deformation of Mo-Nb single crystals. Based on the processing map, the 

optimum condition for hot deformation of Mo-Nb single crystals is in the region of high temperatures (>1190 °C) and high strain 

rates (>3.16 s

-1

). Microstructure observation of deformed specimens at different deforming conditions shows that lots of orthogonal 

cracks, which result from the movement of dislocations along with the glide planes, are observed in specimens deformed at 1100 

°C/0.01 s

-1

 and 1150 °C/10 s

-1

. Less cracks can be observed in specimens deformed at 1250 °C/0.01 s

-1

, and few cracks are found in 

specimens deformed at 1300 °C/10 s

-1

. The XRD result shows that the specimen deformed at 1300 °C/10 s

-1

 retains single crystal 

structure, indicating that the specimen does not undergo instability of flow during hot deformation, which are in good agreement 

with the results of Mo-Nb single crystals predicted from processing map.
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Many components in the advanced energy systems are 

required to resist high temperature and serve without 

significant deformation over long term application. For 

instance, the resistance of high temperature (2000 K) over 

lifetimes of over ten years is one of the necessary premises for 

fuel elements used in thermionic systems

[1]

. Only molyb-

denum and tungsten and their alloys can withstand the 

extreme application condition. Due to the absence of grain 

boundaries and the presence of strengthening solutes, single 

crystalline alloys have excellent high temperature strength and 

microstructure stability in the class of materials. Compared to 

polycrystalline counterparts, single crystalline molybdenum 

and tungsten have a series of advantages, such as the high 

strength, appropriate plasticity, high Young’s modulus, stable 

microstructures, low creep rates, low diffusion penetrability, 

excellent wear resistance and compatibility with nuclear fuels, 

which make molybdenum and tungsten single crystals suitable 

for applications in various high technology fields, including 

linear accelerators and colliders

[2]

. Furthermore, oriented 

single crystalline tungsten and molybdenum are suitable for 

manufacture of the emitter for advanced energy systems in 

space reactor

[3,4]

.

Molybdenum single crystals have many advantages over 

polycrystalline alloys

 [5]

. Atomic size mismatch and alloy 

content have significant effects on creep rates, and niobium 

were considered as the best strengthening agents due to their 

large atomic size mismatch and high solubility

[6]

. But the 

application of Mo-Nb single crystals is very limited at present, 

only used as the emitter of advanced space equipment power 

supply system at present

 [7]

. The Mo-Nb single crystals as 

emitter do not need to be deformed during the production. In 

fact, the high temperature steady state creep rates of the 

Mo-Nb single crystals are more concerned by researchers

 [8,9]

. 

But researchers still don’t know much about the hot 
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deformation behavior of this materials. Some literatures are 

mainly focused on the preparation process, especially works 

using processing maps to study the relationship between flow 

stress and deformation characteristics for Mo-Nb single 

crystals undergoing thermal deformation have rarely been 

reported. The present work focuses on deformation behavior 

of Mo-Nb single crystals through strain-stress curves and 

processing map, and the purpose is to understand the effect of 

hot compression conditions on its microstructure. This work is 

an exploration to acquire the appropriate deformation 

conditions for this material. It means that if the material can 

still retain a single crystal structure without any macro or 

micro defects under some deformation conditions, then the 

possibility of other applications will be discussed.

1  Experiment

The high purity Mo-Nb single crystals rod was provided by 

Northwest Institute for Nonferrous Metal Research, growing 

in the electron-beam floating zone melting furnace

 [10]

. The 

chemical composition of Mo-Nb single crystals is given in 

Table 1 and the microstructure of specimen is shown in Fig.1.

The specimens were cut out from the Mo-Nb single crystals 

rod with diameter of 28 mm along the longitudinal-axis;

afterwards they were machined into 8 mm in diameter and 12 

mm in height for the hot compression tests. A series of thermal 

compression tests were conducted on Gleeble-3800 thermal 

simulator to collect thermal deformation data in the deformation 

temperature range from 1100 °C to 1300 °C and strain rate 

range from 0.001 s

-1

 to 10 s

-1

. The specimens were deformed up 

to 50%, and quenched to room temperature in order to preserve 

the microstructures for the microstructural study of deformed 

profiles. After deformation, the deformed specimens were cut 

along the compression axis and the longitudinal sections were 

polished and etched in a solution (HCl+HNO

3

) at room tempe-

rature. The microstructures of deformed Mo-Nb single crystals

Table 1  Chemical composition of Mo-Nb single crystals

Mo Nb C N H O Fe Si Al

Content/wt% Content/µg.g

-1

 

Bal. 3.1 <50 <30 <10 <30 <1 <1 <1

Fig.1 OM image of Mo-Nb single crystals

were analyzed with Axio vert A1/Stemi2000 optical microscope 

and JSM-6460 scanning electron microscopy.

2  Results and Discussion

2.1 Stress-strain curves

The typical stress-strain curves obtained during thermal 

compression deformation of Mo-Nb single crystals in the

deformation temperature range of 1100~1300 °C and strain 

rate range of 0.001~10 s

-1

 are shown in Fig.2. As shown in 

Fig.2, the flow stress of Mo-Nb single crystals increases

sharply with increasing of strain in the initial stage of thermal 

deformation due to the work hardening effect. The flow stress 

during the thermal deformation of Mo-Nb single crystals is 

affected significantly by the deformation temperature and 

strain rate. The flow stress decreases with increasing of the 

deformation temperature, and increases with increasing of the 

strain rate. The true stress initially reaches to the peak stress and 

then decreases with the strain increasing gradually. In addition, 

it is worthy noting that the curves of Mo-Nb single crystals 

show a significant serrated oscillation for the strain rates of 1 

and 10 s

-1

, which may suggest the effect of local warming, 

microstructural evolution and deformation instability are greater 

than that of the work hardening, and results in irregular change 

of true strain

[11]

. Plasticity of metal single crystals consists with 

the unique thermoplasticity and the transfer thermoplasticity.

Thermoplastic weakens single crystal cohesion between atoms 

during heating, oscillation and diffusion movements of atoms 

increase, resulting in irregular decreasing of true stress

[12]

. 

Generally, the stress-strain curve articulates the intrinsic 

relationship between flow stress and thermodynamic behavior. 

However, during hot working, the flow curves may exhibit 

steady state, continuous softening or oscillation under different 

processing conditions. Thus it is quite difficult to determine the 

hot deformation mechanisms only relying on the shapes of the 

flow stress-strain curves, because several similar flow behaviors 

may result in different microstructural mechanisms during hot 

deformation. Flow softening may indicate dynamic recrystal-

lization

[13]

, and oscillation curve may reveal cyclic dynamic

recrystallization or localized flow

[11,14]

.

2.2 Processing maps

The deformation behavior of the materials was investigated 

through processing maps based on the principles of dynamic 

materials model (DMM)

 [15]

. In this model, the deformed 

materials were considered as nonlinear power dissipation 

units

[16]

. The power input in the deformed materials was 

dissipated at two parts during thermal deformation as follows: 

one part represents dissipated as heat through plastic 

deformation, represented by G, and the other part denotes 

microstructural changes, represented by J. The absorption 

power of materials during deformation can be derived as 

[17]

:

0 0

d dP J G

σ ε

σε ε σ σ ε= = + = +

∫ ∫

�

� � �

   (1)

200 µm
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Fig.2  Stress-strain curves of Mo-Nb single crystals deformed at temperature of 1100 °C (a), 1150 °C (b), 1200 °C (c),

1250 °C (d) and 1300 °C (e) at various strain rates

where σ is equivalent stress (MPa), and ε

�

is equivalent 

strain rate (s

-1

). The power partitioning between G and J is 

given through the following equation:

d d d(lg )

d d d(lg )

J

m

G

ε σ σ

σ ε ε

= = =

�

� �

(2)

The ratio is equivalent to the strain rate sensitivity index, m. 

Then, the power J at a certain temperature with strain rate 

can be written as:

1

m

J

m

σε=

+

�

       (3)

where σ is the flow stress (MPa), ε

�

is the strain rate (s

-1

), 

and m is the strain rate sensitivity index. The strain rate 

sensitivity (m) of the flow stress determines the power that is 

partitioned between these two processes and this is unity for 

an ideal linear dissipater. The efficiency of power dissipation

η is obtained by comparing its power dissipation through the 

microstructural changes with that occurring in an ideal 

dissipater, and it is given by:

line

/ /( 1) 2

1/ 2 1

( )

J P m m m

J

m

P

η

∆ ∆ +

= = =

∆

+

∆

    (4)

where m is the strain rate sensitivity. The power dissipation 

map shows the variation of η with T and ε

�

, which 

characterizes of microstructural changes during deformation. 

The power dissipation map exhibits domains in which the 

efficiency shows a maximum local corresponding to each of 

the microstructural mechanisms. The condition for microstruc- 

tural instability is obtained from the principles of maximum 

rate of entropy production as

[18,19]

:

(lg )

1

( ) 0

(lg )

m

m

mξ ε

ε

∂

+

= + <

∂

�

�

   (5)

where ( )ξ ε

�

 is called the dimensionless instability parameter, 

the variation of which with strain rate and temperature 

constitutes the instability map. The material falls into stable 

region when the value of η is high and ( )ξ ε

�

 becomes 

positive. In the regions where the material undergoes 

instability of flow, the value of ( )ξ ε

�

 is negative

[20,21]

. Using 

the processing maps, the processes conditions can be 

optimized and expected microstructures can be obtained. 

The processing map is consisted of power dissipation map 

and instability map, which exhibits the domains characteristic 

of different mechanisms, and the regimes described earlier for 

a large number of materials have been developed and 

compiled

 [22,23]

. The diagram of efficiency of power dissipation 

versus strain rate and deformation temperature is shown in 

Fig.3. Fig.4 and Fig.5 show the power dissipation and flow 

instability of Mo-Nb single crystals deformed at strain 0.7, 

respectively. The processing map is consistent with the power 

dissipation map and the flow instability map, as shown in 

Fig.6. It can be seen from Fig.4 that the peak efficiencies of
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Fig.3 Diagram of efficiency of power dissipation vs strain rate and

deformation temperature

Fig.4 Power dissipation map of Mo-Nb single crystals at strain 0.7

Fig.5  Instability map of Mo-Nb single crystals at strain 0.7

43%, 38% and 28% in the deformation conditions of 1250 °C/ 

0.001 s

-1

, 1300 °C/0.001 s

-1

, and 1300 °C/10 s

-1

, respectively. 

As demonstrated in Fig.6, the regions of the processing map 

can be divided into three sub-domains (A, B, C) at the whole 

deformation temperature range (1100~1300 °C), the first 

sub-domain is the deformation temperature range of 1100~

1300 °C and strain rate range of 0.001~0.1 s

-1 

(A), the second 

sub-domain is the deformation temperature range of 1100~

Fig.6  Processing map of Mo-Nb single crystals deformed 50%

1200 °C and strain rate range of 0.1~10 s

-1 

(B), while the last 

sub-domain is the deformation temperature range of 

1200~1300 °C and strain rate range of 1~10 s

-1 

(C). The first 

two domains are instability domains, and the third one is the 

stability domain. There will be macro or micro structural defects 

when the Mo-Nb single crystals are deformed in the two plastic 

flow instability regions. Therefore, such combination of 

deformation temperature and strain rate should be avoided 

during the high temperature deformation of Mo-Nb single 

crystals. As shown in Fig.6, there is a “safe” region in which the 

deformation temperatures range of 1190~1300 °C and strain 

rates range of 3.16~10 s

-1

 for the hot deformation of Mo-Nb 

single crystals in the whole range of deformation temperature.

Therefore, the optimum conditions for hot deformation of 

Mo-Nb single crystals is the region of high temperatures 

(>1190 °C) and strain rate (>3.16 s

-1

), which indicates that the 

material does not undergo instability of flow and could retain 

a single crystal structure after deformation. In addition, the 

power dissipation map suggests that the peak efficiency in 

“safe” region is 28% at 1300 °C/10 s

-1

, which can be selected 

as an optimum thermal deformation condition, as a single 

crystal structure without defects may be observed from the 

metallography of the deformed specimens under this particular

condition. Furthermore, limited by the parameters of the 

equipment, the maximum deformation temperature is 1300 °C, 

and the microstructure of Mo-Nb single crystals may be 

improved at some different deformation conditions, which will 

be determined in the further researches.

2.3 Microstructural analysis of Mo-Nb single crystals on 

the base of processing map

According to the prediction results of the processing map,

four typical samples corresponding to different domains were

selected and cut along the compression axis to observe the

microstructures. Fig.7a shows the microstructures of Mo-Nb 

single crystals deformed at 1250 °C/0.01 s

-1

 (sample 1#) and

1150 °C/10 s

-1

 

(sample 2#), which corresponds to the domain 

A and B in Fig.6, respectively. Fig.7b shows the micro-

structures of Mo-Nb single crystals deformed at 1100 °C/0.01 

s

-1

 and 1300 °C/10 s

-1

, which corresponds to the domain A and
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Fig.7 Microstructures of Mo-Nb single crystals deformed at

different conditions: (a) 1250 °C/0.01s

-1

 and 1150 °C/10 s

-1

,

and (b) 1100 °C /0.01 s

-1

 and 1300 °C/10 s

-1

 

C in Fig.6, respectively. As shown in Fig.7 and Fig.8, lots of 

orthogonal cracks, which result from the movement of 

dislocations along with the glide planes, are observed in 

sample 2# and 3#. For sample 1#, less cracks can be observed 

only in parts of the sample and few cracks are found in sample 

4#. As can be seen from the rocking curve of sample 4#

shown in Fig.9, the deformed sample still retains a single

crystal structure. It means that the sample deformed at 1300

°C/10 s

-1

 does not undergo instability of flow, and macro or

micro structural defects (such as cracks or recrystallization)

are not found in the deformed sample. From microstructural

analysis of the deformed samples and the principles of

processing maps, the deformation conditions at the region of

Fig.8 Microstructures of samples 1# (a), 2# (b), 3# (c), and 4# (d)

Fig.9 Rocking curve of sample 4# deformed at 1300 °C/10 s

-1

 

high temperature (>1190 °C) and high strain rate (>3.16 s

-1

) 

can be chosen in the process of deformation, and deformation 

conditions at instability region should be avoided. In addition,

it is worthy noting that near the large deformation area of all

the deformed samples, oriented fibrous tissue can be observed,

because the number of slip lines increases fast during

deformation and the single crystals tissue is decomposed into

some misorientation regions by slip bands. These misorien-

tation regioning are constantly shifting in the process of

deformation, resulting in oriented fibrous tissue

[12]

.

3  Conclusions

1) The flow stress during the hot deformation of Mo-Nb 

single crystals is affected significantly by the deformation 

temperature and strain rate. The flow stress decreases with 

increasing of the deformation temperature, and increases with 

increasing of the strain rate. 

2) The optimum conditions for thermal deformation of 

Mo-Nb single crystals is in the region of high temperature 

(>1190 °C) and high strain rate (>3.16 s

-1

). 

3) Lots of orthogonal cracks are observed in specimens 

deformed at lower temperature (<1200 °C). Less or few cracks 

can be observed in samples deformed at higher temperature 

(>1250 °C). 

4) The specimen deformed at 1300 °C/10 s

-1

 still retains a 

single crystal structure. It does not undergo instability of flow

and can be chosen as optimal deformaion condition, which are 

in good agreement with the prediction from processing map.
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