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Abstract: Thin molybdenum sheet is a promising material for aerospace applications. Quantifying the mechanical behavior of the mo-
lybdenum sheet at elevated temperatures is important to understand the formability of the molybdenum component. To this end, ten-
sile tests were carried out at different temperatures (20~500 °C) and strain rates (5x10%#~1x102s™"). The rheology, normal anisotropy
and fracture behavior during tension were analyzed. The results show that the deformation resistance of thin pure molybdenum sheet
is sensitive to temperature while the normal anisotropy varies little within the test temperature range. When the temperature is below
300 °C, the strain hardening exponent increases with increasing the temperature, and it tends to be stable above 300 °C. The elonga-
tion to fracture increases with temperature and then decreases slightly due to the dynamic strain aging. The crack is generated at the
grain boundary, and the grain morphology related intergranular crack propagation causes the delamination of fractures. A modified
Johnson-Cook model was established to characterize the constitutive behavior of the molybdenum sheet, of which the mean error is

less than 5%.
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Components in satellites and aerospace aircrafts often un-
dergo large temperature variation in service. That may cause
thermal deformation and even malfunction of the components.
Thus, the molybdenum becomes an important structural or
functional metallic material in aerospace due to its excellent
high temperature strength and low thermal expansion. Stamp-
ing is a feasible way to manufacture thin-walled molybdenum
components. However, molybdenum often exhibits poor form-
ability at room temperature and it may require to be formed at
elevated temperatures (warm plastic working). Thus, it is im-
portant to understand the correlation between the processing
parameters and plastic deformation behavior of the molybde-
num sheet.

By now, some work has been carried out on the variation
of the plastic deformation behavior of pure molybdenum with
temperature. However, most work is focused on the high tem-
perature compression of the material, which might be used to
guide the bulk forming processes!’. Fu et al® carried out ex-
perimental work on the tensile properties of pure molybdenum
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at high temperature. They reported a rapid decrease of
strength and significant increase of elongation with increasing
the temperature. However, the experiments were carried out
above the recrystallization temperature, which was much high-
er than warm forming temperature. Walde®™ investigated the
plastic anisotropy of molybdenum sheets at room temperature
to 100 °C. It is shown that the temperature has a strong influ-
ence on the elongation and strength but little effect on the nor-
mal anisotropy. However, the anisotropic deformation behav-
ior above 100 °C needs further investigation. Zhang et al®
found that the fracture mode of molybdenum sheets at room
temperature was intergranular fracture. They suggested that
the plastic deformation and delamination of the grains ac-
counted for the relatively high ductility of the molybdenum
plate. An in-depth investigation on the fracture mechanism
was carried out by Niu et al™ who used the in-situ scanning
electron microscopy to observe the crack initiation and
growth. It was confirmed that zigzag connection of the
crack retarded the fracture of the specimen. However, the ef-
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fect of deformation conditions on the fracture behavior is
not clear.

In this research, the deformation behavior of thin pure
molybdenum sheets was investigated by tensile tests at differ-
ent temperatures and strain rates. The constitutive behavior
was characterized with a modified Johnson-Cook model. The
results can guide the process design for warm plastic working
of thin-walled molybdenum components.

1 Experiment

The as-received material was a cross-rolled pure molyb-
denum sheet of 0.5 mm in thickness. It was annealed at 1200 °C
for 1 h to obtain a recrystallized structure, as shown in Fig.1.
The curved grain boundaries suggested that a recrystallized
structure without significant static coarsening was achieved.
The average grain size is about 130 um.

The tensile specimen was designed according to the
ASTM E21 standard, as shown in Fig.2. The specimens were
cut on plane along the rolling direction (RD). The tensile tests
were carried out on the E45.105 electronic universal testing
machine. The specimen was heated to the prescribed tempera-
ture at a rate of 30 °C/min, held for 20 min to impart uniform
temperature distribution, and tensioned to fracture at the pre-
scribed constraint nominal strain rate. A high temperature ex-
tensometer (3448-025M-020) was used to measure the amount
of axial deformation of the gauge length.

The tensile tests were carried out at temperatures of 25,
100, 200, 300, 400 and 500 °C. The applied strain rates were
5x10*, 1x107%, 5x107, and 1x10? s at each deformation tem-
peratures.

Fig.1 Microstructure of the annealed molybdenum sheet
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Fig.2 Specimen for the tensile test

2 Results and Discussion

2.1 Stress-strain curves

Fig.3 show the true stress-strain curves obtained by ten-
sion of the thin pure molybdenum sheets at different tempera-
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tures and strain rates. At room temperature, the molybdenum
sheet exhibits a relatively high yield stress followed by a rapid
yield drop at the beginning of plastic deformation. The yield
drop is about 1/20 of the initial yield stress which takes place
at a strain less than 0.01. Unlike the low carbon steel which
exhibits a yield plateau, a rapid strain hardening is observed
once the lowest yield stress is reached. Yield drop has been re-
ported for some metallic materials with body center cubic
(bee) crystal structure, e.g., room temperature deformation of
low carbon steels,  working of titanium alloys®. The forma-
tion of yield drop can be rationalized by the static theory and
the dynamic theory”, both involving the evolution of mobile
dislocations. In the former, the unlocking of mobile disloca-
tions from solutes results in the drop in deformation resis-
tance. In the latter, new mobile dislocations are generated im-
mediately and multiply rapidly after yielding, leading to signif-
icant yield drop.

The dynamic theory has been applied to the deformation
of titanium alloy within the single beta phase filed. The yield
drop is thought to be athermal, i.e., the extent of yield drop is
not affected by the deformation temperature. Meanwhile, the
coarse-grained structure restricts the mobile dislocations prior
to deformation. In the current work, it is clear that the yield
drop occurs at room temperature and the extent of yield drop
becomes minor at 100 °C. The yield drop does not take place
when the deformation temperature is above 200 °C. In addi-
tion, it seems that applied strain rate has little effect on yield
drop. The extent of yield drop at room temperature increases
slightly from 5.9% to 7.5% with strain rate under the current
deformation conditions.

The stress-strain curves show a slight working hardening
after yielding at 100 °C. When the temperature is above 200 °C,
strong working hardening takes place immediately after yield-
ing. Thus, the yield drop in current work may be rationalized
by the static theory, in which the locking and unlocking of mo-
bile dislocations play the key role. The microstructure shown
in Fig.1 also suggests that there might be a sufficient number
of grains within the materials as the grain coarsening is not
significant.

The material undergoes significant strain hardening until
fracture irrespective of temperature and strain rate. However,
the deformation temperature strongly affects the yield strength
(0,) and the ultimate tensile strength (o,), as shown in Fig.4.
The yield stress drops dramatically with temperature below
200~300 °C but then decreases slightly. Similar behavior has
been reported for pure titanium, of which the yield stress is
less sensitive to temperature at 200~300 °C™ or 350~500 °C".,
This is often attributed to the effect of temperature on the
grain boundary segregation. It is also found that the elastic
modulus varies little at 300~500 °C (around 270 GPa), indicat-
ing that the variation of Peierls-Nabarro force is restricted.
Thus, the yield stress is less dependent on temperature in this
range. Besides, the tensile strength drops continuously with
temperature. The tensile strength is mainly determined by the
yield stress as well as the strain hardening during deformation,
as the elongation to fracture is close at different temperatures.

It is clear from Fig.3 that the strain hardening reaches the peak
at 200~300 °C and then decreases with temperature. Thus, the
drop of ultimate tensile strength is slower than that of yield
stress below 300 °C.

It can be found in Fig.4 that both the yield stress and the
tensile strength vary slightly with strain rate. The rate sensitiv-
ity is more significant at relatively low temperature (< 200 °C)
but much lower above 300 °C. The decrease of rate sensitivity
during warm deformation is often interpreted in terms of dy-
namic strain aging™. Dynamic strain aging often leads to a
negative strain rate sensitivity parameter which seems plausi-
ble in the current work. However, when the stress-strain
curves are not smoothed, some periodic yield drop at tempera-
ture of 400 °C and strain rate of 5x10*s™ is actually observed,
as shown in Fig.3. Thus, dynamic strain aging may account
for the low rate sensitivity at higher deformation temperatures.
2.2 Strain hardening behavior

The stress-strain curves before necking are fitted with the
Swift hardening equation, and the strain hardening exponent
(n) of the molybdenum sheet at different temperatures and
strain rates is obtained, as shown in Fig.5. It rises linearly as
temperature increases to 200~300 °C and then shows an incon-
spicuous variation trend. Strain hardening is often related to
the slip activation. The bce metals have as many as 48 slip sys-
tems which are more easily activated at higher temperature.
Meanwhile, when the temperature is above 300 °C, the slip ac-
tivation is less sensitive to temperature. This is in accordance
with the fact that the measured yield stress and elastic modu-
lus are less dependent on temperature above 300 °C.

At low temperatures, n increases with decreasing the
strain rate. Meanwhile, the value scatters above 300 °C. Zhang
et al®™ suggested that the low deformation temperature sup-
presses the dynamic recovery and the consequent softening at
low strain rate. Meanwhile, the high strain rate constrains the
generation and glide of dislocations and increases the flow
stress, which decreases the value of n. At higher temperatures,
the dynamic strain aging can improve the hardening at low
temperature while the stronger dynamic recovery weakens the
working hardening. Thus, it is hard to tell how the strain rate
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Fig.5 Strain hardening exponent as a function of temperature and
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affects the strain hardening exponent at higher temperatures.

A two-segment function is used to fit the stress-strain
curve, and then the variation of work hardening rate with
strain and true stress is captured through calculating the first
derivative of the function. The fitting results of the stress-
strain curve at 25 °C and 1x107s™" are shown in Fig.6d. The
average R-square value is 0.9997. Fig.6 shows the variation of
working hardening rate (do/d¢) with strain at different temper-
atures and strain rates. The molybdenum sheet shows a typical
two-step working hardening. The first step involves a rapid de-
crease of working hardening rate with strain. The absolute val-
ue of the derivate of the working hardening rate decreases

with strain. The second step is the linear decrease of working
hardening rate and the slope of the curves is very small. The
first step is commonly known as the stage Il hardening for
polycrystals'”. The second step may correspond to the stage
IV hardening"”, which depicts the constant hardening rate un-
der large strain. It is notable that the first step of working hard-
ening lasts for very limited strain. This may be related to the
strong dynamic recovery which is associated with the bcc crys-
tal structure of the molybdenum.

Both the first and second steps are sensitive to tempera-
ture but less affected by strain rate. At the beginning of plastic
deformation, the working hardening rate increases with tem-
perature, reaching the maximum at about 300 °C and then de-
creases with temperature. With increasing the strain, the work-
ing hardening rate drops more rapidly at higher temperatures.
Meanwhile, the critical strain which separates the two steps in-
creases with temperature. Thus, the working hardening rate is
inversely proportional to temperature at the end of the first
step. In the second step, it seems that the working hardening
rate drops faster at low temperatures.

2.3 Normal anisotropy

As stated by Oertel et al™, the cross rolling of molybde-
num sheet often results in an incomplete a-fiber texture with
rotated cube component. Such a texture often leads to strong
normal anisotropy. In this work, the Lankford parameter (r-
value) was measured to characterize the normal anisotropy.
Using the specimen and experimental procedure given in Sec-
tion 1, the r-values along different directions were measured.
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For the un-annealed material, the measured r-values at room
temperature are about 0.12 and 1.7 along RD and 45° direc-
tion, respectively. The value of TD is similar to that of RD.
The results are close to those reported by Oertel et al''!,

The r value is about 0.11 along RD direction and 0.66
along 45° direction after annealing. The texture of deformed
molybdenum sheet was measured by X-ray diffraction. The
orientation distribution function (ODF) section of the sheet is
shown in Fig.7. The results agree reasonably with Ref.[11-13],
showing that rolling produces an incomplete a-fiber with peak
located at the rotated cube component. Oertel et al''! also
found that the texture intensity along the y-fiber is slightly
above random after rolling. A high texture intensity on the y-fi-
ber can increase the r value significantly™. Annealing and re-
crystallization can weaken the texture intensity but do not
change the texture type!"'. This may account for the low r val-
ue of pure molybdenum sheet after annealing. It is notable that
the normal anisotropy will result in strong thickness variation
during stamping, which deteriorates the formability of molyb-
denum sheet.

The r value in RD was measured at different tempera-
tures, as shown in Fig.8. The error bar gives the variation of
value at different strain rates. The results suggest that the nor-
mal anisotropy varies little with temperature and strain rate.
Experimental work by Walde! also suggest the invariance of r
value up to 100 °C. Thus, the deformation mode does not
change within the current temperature range.
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2.4 Fracture behavior

Fig.9 shows the variation of elongation to fracture of mo-
lybdenum sheet at various temperatures and strain rates. The
molybdenum sheet has the lowest elongation to fracture at
room temperature. The elongation to fracture increases sharp-
ly with temperature, showing a peak at 100~200 °C and then
drops slightly at 300 °C. In most cases, the elongation to frac-
ture fluctuates or even decreases slightly with temperature
above 300 °C.

In uniaxial tension, the specimen undergoes uniform ex-
tension until necking takes place. For the molybdenum sheet,
the specimen fractures immediately once necking occurs. It
can be seen in Fig.3 that the load drop is minor before neck-
ing. The micrographs of the transverse section of the necking
also suggest that the length of necked region is very limited
(Fig.10). The fractured specimen was pieced together and cut
axially. The necked region was roughly estimated by quantify
the plate thickness variation near the fracture. The measured
length of the necked region is about 1 mm at 25 °C and 0.8
mm at 400 °C. Thus, the elongation to fracture is determined
by the uniform extension prior to necking.

The strain hardening exponent and the rate sensitivity pa-
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rameter are the most important indices for necking resistance.
The larger the strain hardening exponent and rate sensitivity
parameter, the larger the uniform extension. The strain harden-
ing exponent increases with temperature below 200 °C while
the rate sensitivity varies little. Thus, the elongation to frac-
ture increases with temperature below 200 °C. With increasing
the temperature, the dynamic strain aging results in zero or
negative rate sensitivity parameter. Moreover, dynamic strain
aging often leads to non-uniform deformation which acceler-
ates necking. Thus, the elongation to fracture decreases in this
temperature range.

It is interesting that the tensile specimen seems to under-
¢o a mixed mode of intergranular fracture and transgranular
fracture, as shown in Fig.10 and Fig.11. Cracks form along the
initial grain boundaries within the specimen at room tempera-
ture (Fig. 10b). SEM observation shows delamination of the
fracture, i.e., the fracture is separated into several layers, as
shown in Fig.11a. The number of the layers is 5~7. The aver-
age thickness of each layer is about 15 um which is compara-
ble to the grain size. Each layer has a large number of smooth
surfaces which may rise from the grain boundary cracks.
These surfaces tend to align with the tension axis. There are al-
so some coarse surfaces which may result from the tearing of
initial grains.

With increasing the deformation temperature, the number
of the layers decreases sharply (Fig. 11b~11d). The valley in
each layer becomes deeper. Moreover, the ripple pattern ap-
pears on these surfaces, indicating that additional plastic defor-
mation may take place after the delamination of the layers.
The fracture of the specimen is finally achieved via a global
shear deformation, as shown in Fig.10c and 10d.

200 pm

200 pm

Delamination in fracture of molybdenum plate has been
reported by Zhang et al™. It is suggested that delamination is
an important cause for the high ductility of the molybdenum
sheet. The rolled molybdenum sheet undergoes large thickness
reduction which pancaked the grains. The secondary cracks
may appear between the pancaked grains due to stress concen-
tration, which will retard the growth of the primary cracks and
release the stress concentration. Niu et al® reported a similar
result by in-situ SEM observation.

Microstructure observation in Fig.10 suggests that the mi-
cro cracks at the grain boundaries mainly align along the ten-
sion axis within the necking region. These cracks may result
from the additional tensile stress along normal direction (ND)
of the sheet after necking. As the molybdenum sheet is pre-
pared by powder metallurgy and rolling, the defects align with
the normal plane. This weakens the bonding of the grains
along ND. It is easy for cracks to nucleate and grow along
these boundaries. When the cracks connect with each other,
the delamination appears. The intergranular cracks also inter-
sect with the intra-grain cracks. Thus, a mixture of intergranu-
lar and transgranular fracture is observed. With increasing the
temperature, the stress concentration at the grain boundaries is
weakened, which suppresses the nucleation of cracks at the
grain boundaries. Necking results in tensile stress along the
normal direction and promotes the axially intergranular crack
growth. Thus, the number of the delamination decreases while
some deep valleys appear on the fracture surface.

As mentioned by Zhang et al™, the intergranular cracks
may improve the ductility of the material. Free surface of the
deformed specimen is smoother at high temperatures (Fig.11a
and 11b), which indicates the more uniform deformation with-

50 um

50 pm

Fig.10 Low (a,c) and high (b,d) magnification optical micrographs of the transverse section of the necked region tensioned at the strain rate of
5x10* s and temperature of 25 °C (a, b) and 400 °C (¢, d) for molybdenum sheet
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Fig.11 Fractographs of the specimen at different temperature: (a) 25 °C, (b) 200 °C, (c) 300 °C, and (d) 400 °C

in the grains. The fracture section thickness is reduced from
0.18 mm at 25 °C to 0.036 mm at 400 °C while the length of
necking regions decreases from 1 mm to 0.8 mm. It indicates
a rapid localization in the necking region without the restrain-
ing of intergranular cracks.
2.5 Constitutive modeling

Accurate prediction of constitutive behavior is important
to the process design and optimization by numerical simula-
tion. Among various constitutive models, the Johnson-Cook
constitutive model™ provides a simple but effective way to re-
late flow stress with temperature, strain and strain rate. It can
predict the nonlinear stress-strain relationship under different
conditions, so it is widely used in the constitutive modeling of
various metallic materials"*'”. In this research, the original
Johnson-Cook constitutive model is modified to reflect the de-
formation behavior of the molybdenum sheet. The Johnson-
Cook constitutive model in the original form is expressed as
follows:

g-=(A+Bg")(l+C1né£)(l—T*m) QP
0

where o is flow stress, ¢ is plastic strain, ¢ is strain rate, and ¢,
is the reference strain rate (1x10~ s in this study). The value
of the reference strain rate lies within the range of the applied
strain rate. The applied strain rate is normalized to a value
around 1, which makes the parameter identification easier. 7'=
(T-T)/T,—T) is a normalized temperature, where 7 is the de-
formation temperature, 7, is the reference temperature (25 °C
in this study) and T, is the melting point of the material
(2610 °C in this study). 4, B, C, n, and m are the fitting param-
eters. 4 denotes the flow stress at the reference temperature
and strain rate. The three terms on the right describe the effect
of strain hardening, strain rate hardening and thermal soften-
ing on deformation resistance.

In the current work, the strain hardening behavior of pure
molybdenum sheet shows strong non-linearity with deforma-
tion temperature and strain rate, as illustrated in Fig. 3. The
original form of Johnson-Cook model cannot describe this

phenomenon. It has been improved to enhance the prediction
accuracy!™*. Zhang et al ®@ modified the model to take the
coupling effect of strain and temperature into consideration,
which may be more appropriate for the present work. The im-
proved Johnson-Cook model proposed by Zhang et al™ is giv-
en as follows:

o =[A(-T"™) + B(T")&"|(1 + cmg,i) 2)
0

where B(T") is a function of T". The parameters in Eq.(2) are
determined by the following procedure.

(1) Aandn
When 7=T and é=¢,, Eq.(2) is simplified as:

0=A+B(T)¢" (3
When =0, 4=a,,, (0, ,, is the yield stress at reference tempera-
ture and strain rate), taking the logarithm on the two sides of
Eq.(3), it comes:

In(o—4)=In(B(T"))+nlne €Y
where B(T") is a constant at a given temperature and 7 is the
slope of the In(o - 4)-Ine curve.

2 C
When 7=T7, and ¢=0, Eq.(2) is simplified as:
G0, = A1+ Cln—) = 5,,, (1+ Cln—) (5)
&g €y

C is the slope of the (,,/0,,,~1) - Iné&/g, curve.

(3 m
When ¢ = ¢, and =0, Eq.(2) is simplified as:
0y, = A(I=-T™) = 6,4, (1-T™) 6
Taking the logarithm on both sides of Eq.(6), it comes:
o
In(1-—2)=mInT" @

0.2r
Thus, m is the slope of the In (1 - 7,,/5,,,) - InT" curve.
(4) Function B(T")
When ¢ = ¢, (where ¢, is the strain at fracture point), tensile

strength () is reached, and Eq.(2) can be simplified as:
0=A1-T"™+B(T)g! (8)
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Combined with Eq.(6), B(T") can be determined by:

0,—0
B(IH=——= (9
b
0, and ¢, can be expressed as a function of temperature:
o=0,(1-T"™) QL)
& =&, (1+ P, T -P,T"™) (1D

where o, and ¢,, are the fracture stress and strain at break at
reference temperature and strain rate, respectively, when m,,
P,, P,, and P, are constants.

Table 1 gives the model parameters obtained from the ex-
perimental data of the molybdenum sheets. Fig. 12 compares
the predicted flow stress by the above model and the experi-
mental results. It is clear that the above model fails to predict
deformation behavior of the molybdenum sheet. Therefore,
the model needs to be modified to improve its accuracy.

The m value in the above model is taken as the slope of
the In (1-6,,/0,,,) - InT" curve shown in Fig.13. The value of
m should be different under different temperature conditions.
Such an assumption will deteriorate the accuracy of the mod-
el. Therefore, it is necessary to correct the form of m. Assum-
ing m is a function of T~ which takes the following form:

m=a,+b,T"+c,T*+d,T”, Eq.(7) can be rewritten as:

[P

In(1-—2)=(a, + b,T" +¢,T? +d,TInT" (12)

0.2r

When ¢ = ¢, and £=0, the In (1-6,,/0,,,) - InT" curve is
fitted by Eq.(12) and the parameters a,, b,, ¢,, and d, can be
obtained. The results are shown in Fig.14.

Similarly, m, is assumed to be a function of 7" given by
my=a,+b,T" +c,T*+d,T”. The parameters a,, b,, ¢,, and d, can
be obtained by the same method. In order to describe the ef-
fect of temperature on the stress and strain at the fracture, a
quadratic term, &,=¢, (1+P, T'+P,T*~P,T "), is added to the ex-
pression of ¢,. Using this equation to fit the ¢, - 7T° curve, the
parameters P,, P,, P,, and P, can be obtained. The parameters of
the modified Johnson-Cook model are shown in Table 2.

Model predictions are shown in Fig. 15. It can be seen
that the prediction results at different temperatures and strain
rates agree well with the experimental results. The average rel-
ative error is less than 5% within the test temperature and
strain rate range.

It can be seen that the predicted results agree well with
the experiment below 200 °C. When the temperature is above
200 °C, there are some discrepancies at plastic strain below
0.2 (Fig.15a and 15b). This is because the modified Johnson-
Cook model predicts the stress-strain relationship by using the
yield point and tensile strength point of the experimental re-
sults as reference points. It can reflect the variation trend of
material hardening behavior with temperature on the whole,
but cannot reflect the change of hardening mode in the initial

Table1 Material parameters for the modified Johnson-Cook
model by Zhang et al**!

A n C m m, P, P, P,
397.76 0.5032 0.0857 0.4226 0.6956 3726.7 3728.7 1.0000

Fig.12
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Table 2 Parameters for the modified Johnson-Cook model

plastic strain stage. However, when the strain is lower than
0.2, the hardening behavior of pure molybdenum sheet above
200 °C changes significantly. As shown in Fig.5, n increases
linearly with temperature to 200~300 °C and then varies little.
This makes the hardening behavior change significantly with
increasing the temperature. The bece metals have as many as
48 slip systems which are more easily activated at higher tem-
peratures. Meanwhile, when the temperature is above 300 °C,
the slip activation is less sensitive to temperature, which leads
to changes of the hardening behavior. Therefore, the model
has a more obvious error in the prediction of the initial stage
of the stress-strain curve under higher temperature conditions.

Material parameters Value Material parameters Value
A 397.8 b, -7.200
n 0.6366 ¢, 50.97
C 0 d, -116.0
a, 0.5458 P, 127.8
b, -12.12 P, 45.14
a 101.7 P, 147.3
d, -266.5 P, 1.049
a, 0.7179
700 700
600 600 -
& 500 500 -
Z 40 400}
o

300

500
1asof s00°c c
400}
350 it
300F
250F

& 300 —__— 200 - - - Predicted
- - - Predicte — — —Predicted 45!
£ 200 —25°c | 200 e 150 i
——100°C ——100°Cc | 100 5o
100 ——200°c | 100 ——200°C | 50 10s
0 , ) fSOO °C 0' ) ) ——500°C 0 ‘ . 1x10° s

0.0 0.1 0.2 0.3 04 0.0 0.1 0.2 0.3 04 0.0 0.1 0.2 0.3 04

Plastic Strain

Plastic Strain

Plastic Strain

Fig.15 Comparison of model prediction results with tensile test curves: sampled data at &=1x107 s (a), unsampled data at &=5x10*s™ (b), and

500 °C (c¢)

It can be seen in Fig. 15¢ that the predicted error is rela-
tively large at higher strain rates. This is because the parame-
ters C in Eq.(2) is regarded as a constant, but in fact, it will
change with the change of stress. In other words, (g,,/0,,~1)
and Iné/é, show a non-linear relationship. Therefore, the modi-
fied Johnson-Cook model cannot accurately capture the
change of hardening behavior with strain rate.

3 Conclusions

1) The deformation resistance of pure molybdenum
sheets decreases sharply at 25~300 °C and drops slowly with
temperature at 300~500 °C due to the dynamic strain aging.
Consequently, the flow stress is insensitive to strain rate at
300~500 °C.

2) The strain hardening exponent increases from 0.15 at
RT to about 0.3 at 300 °C and then varies little with increasing
the temperature. A two-step hardening can be observed at all
temperatures and strain rates. The second step shows a linear
decrease in working hardening rate with the slope inversely
proportional to the deformation temperature.

3) Recrystallization changes the texture strength without
changing the texture type of the rolled sheet. After annealing,
weakening of y-fiber texture intensities reduces  value of mo-
lybdenum sheet. The normal anisotropy is not affected by tem-
perature and strain rate.

4) The elongation to fracture increases with temperature,

reaching a peak at about 200 °C, and then decreases slightly.
The drop in elongation to fracture results from the dynamic
strain aging. Tensile specimen undergoes a mixed mode of in-
tergranular fracture and transgranular fracture. The increase of
temperature can suppress the generation of intergranular
cracks and intragranular cracks, resulting in a decrease in the
number of fracture layers as the temperature increases. Delam-
ination of the fracture surface results from intergranular cracks
which are induced by the additional tensile stress along ND af-
ter necking. The formation of intergranular cracks can retard
the deformation localization in the necking region.

5) The constitutive relation of the molybdenum sheet can
be predicted by a modified Johnson-Cook model, in which the
quadratic function is adopted to depict the variation of key pa-
rameters with temperature. The average error of the model pre-
diction is less than 5%.
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