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Based on the growing application value of the P11 alloy steel in the nuclear power field, its dynamic
recrystallization (DRX) behavior was firstly investigated by means of isothermal hot compression experi-
ments, under the conditions of a testing temperature range between 800 and 950 �C, and a strain rate range
between 0.01 and 2/s. Furthermore, optical microscopy and transmission electron microscopy were also
employed to analyze the effect of the mechanism of the strain rate on DRX. The results indicated that the
grain size could be significantly refined with the increase of strain rate. Also, the recrystallized volume
fraction was increased and the dislocation density decreased with the decrease of strain rate, for the same
strain values. Subsequently, numerical simulations, under the assistance of experimental results on DRX
behavior, were successfully used to study the hot push bending process and simultaneously obtain the
processing parameters of the actual work-pieces. Finally, some comparative analyses were performed and
discussed in parallel with the deformed actual work-pieces. The EBSD results on the deformed P11 alloy
steel were emphasized for exploring the forming properties of this alloy steel.

Keywords dynamic recrystallization, hot push bending, ox-horn
core bar, P11 alloy steel, strain rate

1. Introduction

In recent years, the newly built nuclear power stations,
represented by AP1000, mostly adopt the advanced pressurized
water reactor (PWR) technique (Ref 1). The piping material
used for heat transfer for the PWR is characterized by higher
resistance against pressure and temperature, longer designed
life, and superior high-temperature mechanical properties. The
piping material for PWR should exhibit high corrosion
resistance and excellent mechanical strength. As one of the
main piping materials for PWR, P11 alloy steel could be
effectively utilized in higher temperature environments and
corrosive media, withstanding higher flow rates (as high as
50 m/s), due to the excellent abrasion resistance and corrosion
resistance. Furthermore, this alloy steel exhibits interesting

performance characteristics and is also extensively used in
extraction steam lines and crude distillation units.

During the thermoplastic formation of P11 alloy steel, the
parameters involved in the hot working process influence the
dynamic recovery and recrystallization (Ref 2, 3). Dynamic
recrystallization (DRX), the most important phenomenon in the
hot deformation process regarding the microstructural evolu-
tion, can improve the mechanical properties of the material
through grain refining, eliminating the dislocations and micro-
cracks caused by work hardening of the materials (Ref 4-9).

In this study, hot compression tests were performed to
analyze the hot deformation behavior of P11 alloy steel and to
obtain the critical conditions for DRX. Furthermore, the effects
of the strain rates on the DRX structure during hot deformation
were studied to provide a deeper understanding of the hot
deformation behavior of P11 alloy steel. Finally, the hot push
bending process was also performed on P11 alloy steel tubes
and the microstructure and mechanical properties of the tube
were studied through EBSD analysis.

2. Flow Stress Analysis of P11 Alloy Steel

The elemental composition of P11 alloy steel is listed in
Table 1. Cylindrical specimens with diameter of 10 mm and
height of 12 mm were prepared to perform the compression
tests, according to the ANSI/ASTM E 209-2000 standard. The
hot compression tests were performed on a Gleeble-3500 thermal
simulation testing machine, with a maximum load capacity and
live load of 100 and 60 KN, respectively. The testing machine
specimens before and after compression are presented in Fig. 1.

Based on the actual forming temperature of P11 alloy steel,
the temperatures for the compression tests were selected in the
range between 800 and 950 �C with an interval of 50 �C and
the strain rates were set as 0.01, 0.1, 1, or 2/s. Prior to hot
deformation, the specimens were heated to the compression
testing temperature at a rate of 10 �C/s and held for 5 min to
eliminate any thermal gradients and ensure the uniformity of
the temperature. Subsequently, a height reduction of 60% was
achieved until the end of the compression tests. In the process
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of hot compression, the nonuniform deformation usually occurs
due to the large friction between the specimens and the die.
Therefore, a tantalum foil, with thickness of 0.1 mm, and high-
temperature lubricant were placed between the specimen and
the die to reduce the friction. The properties of P11 alloy steel
measured by hot compression testing are presented in Table 2.

After the completion of hot compression experiments, the
various specimens were sectioned perpendicular to the longi-
tudinal axis. The specimens were polished and etched to
observe the microstructure. Thin foils of 0.5 mm thickness
were ground, thinned, and examined through transmission
electron microscopy (TEM, Tecnai F 30).

2.1 Effects of Strain Rate on Flow Stress

The hot compression testing true stress-strain curves of P11
alloy steel, under different deformation conditions, are pre-
sented in Fig. 2. It is clear that, first, the flow stress increases
rapidly, and then reaches a steady state with the further increase
of the strain. Moreover, a typical flow stress peak in the true
stress-strain curve of P11 alloy steel was not observed. During
the initial stage of the hot compression experiment, the
dislocation density increases significantly with the increase of
deformation. At this stage, the work hardening of P11 alloy
steel is the predominant strengthening mechanism, as the
dislocations motions is restricted due to the interaction effects
of the dislocations. Therefore, the rapid increment of stress
occurs during this stage. However, with the increase in the
dislocation density as deformation progresses, the storage

energy becomes the driving force for the recovery and
recrystallization of the materials. Thus, the above-mentioned
phenomenon caused the overall flow softening of P11 alloy
steel. When the flow softening effect gradually counteracted the
work hardening effect, the flow stress reaches the steady state
(Ref 10, 11).

Figure 2 also reveals the significant influence of strain rate
on flow stress. Under the same conditions of temperature and
strain, the flow stress level increases with the increasing strain
rate, indicating that the P11 steel alloy is a positive strain rate-
sensitive material. The effect of strain rate on the true stress-
strain curve can be examined by investigating the relationship
between dislocation motion and shearing stress during the
deformation process. The relationship between the dislocation
velocity and shearing stress is expressed using Eq 1 as
follows:

V ¼ V0 exp � A

sT

� �
; ðEq 1Þ

where V0 is the dislocation velocity in the standard state; V is
the dislocation velocity; A is the activation energy; s is shear-
ing stress; and T is the temperature.

The dislocation velocity increases with the increase of the
strain rate. Eq 1 indicates that the shearing stress is positively
affected by strain rate. Also, the shearing stress directly affects
the flow stress. Therefore, the flow stress increases by
increasing the strain rate. Furthermore, the inadequacy of the
plastic deformation by the large strain rate also leads to the

Table 1 The chemical compositions of P11 alloy steel (mass fraction, %)

Element C Mn Si Cr Mo P S

Wt.% 0.05-0.15 0.30-0.60 0. 5-1.0 1.00-1.50 0.44-0.65 £ 0.025 £ 0.025

Table 2 Properties of P11 alloy steel

Yield strength, MPa Compressive strength, MPa Compression ratio, % Modulus of elasticity, GPa Poisson�s ratio Density, g/cm3

250± 3.02 510± 4.84 32± 0.71 206± 3.51 0.3 7.85

Fig. 1 Hot compression tests: (a) Gleeble-3500 system; (b) hot compression tests specimen
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increase of the flow stress. When the strain rate is relatively
high, the elastic deformation plays an important role in the total
deformation. The following obvious work hardening behavior
results in the increment of flow stress. Moreover, there is no
sufficient time for DRX, under the higher strain rates, which
diminishes the softening effect and increases the flow stress.

2.2 Critical Strain of DRX

In the hot compression tests of constant strain rate, the DRX
is traditionally identified by the presence of the stress peaks in
the flow curves. The curves without the presence of clear
characteristic peaks are, in general, considered related to the
dynamic recovery effect. However, Poliak and Jonas reported
that, not all the stress-strain curves of the materials display the
peaks obtained by compression testing (Ref 12, 13). Therefore,
the stress peak is not an essential condition for the determi-
nation of DRX in the hot compression testing (Ref 14).

The critical value of DRX obtained from the stress-strain
curve is an important indicator to investigate the characteristics
of DRX. The characteristics of DRX of the materials could be
analyzed through the relationship between work hardening rate
and flow stress. According to previous studies (Ref 15, 16), the
critical conditions for DRX are calculated using Eq 2:

@

@r
� @h
@r

� �
¼ 0; h ¼ dr

de

� �
e;T

; ðEq 2Þ

where work hardening rate is the rate of change of stress
against strain, when the strain rate and deformation tempera-
ture are kept constant, that is h ¼ @r

@e . To explicitly describe

the critical strain of the DRX, the minimum value of @r
@e

should be defined. The strain hardening rate should be deter-
mined from the true stress-strain curve to define the critical
stress and critical strain of the DRX.

Figure 3(b)-(d) present the work hardening curves of the
P11 alloy steel under the deformation temperature of 900 �C
and strain rates of 0.01, 0.1, 1, and 2/s, respectively (Ref 17).
Figure 3(b) and (c) clearly shows that the strain hardening rate
sharply decreases from the maximum value and gradually
reaches the minimum value, as the stress is increased. The
value of the lowest point of the curve is the critical stress rc of
DRX, and the corresponding critical strain of rc is ec. Further,
the critical strain ec of DRX is determined by the inflection
point of the curve, as shown in Fig. 3(d).

In order to successfully perform the hot push bending
process, the process parameters must be adjusted carefully
multiple times. The traditional method of the experiments by

Fig. 2 The True stress-strain curves for P11 alloy steel under the different deformation conditions: (a) 800 �C; (b) 850 �C; (c) 900 �C;
(d) 950 �C
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Table 3 Tensile performance parameters of the bending tube

Sample Elongation, % Yield strength, MPa Tensile strength, MPa

Outer arc 31.76± 0.66 330.62± 3.12 503.04± 4.92
Neutral layer 28.62± 0.59 359.44± 3.77 489.41± 4.01

Fig. 3 Different of P11 alloy steel compressed at 900 K: (a) r-e curve; (b) h-r curve; (c) lnh-lnr curve; (d) lnh-e curve

Fig. 4 FE model of hot push bending process
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trial and error will be costly. Numerical simulation can narrow
down to the optimum parameters which reduce the experimen-
tal time. It is first important to import the material model into
the Computer-Aided Engineering software and then to obtain
accurate simulation results. The high-temperature constitutive
equation of the material model was built as described in Eq 3:

_e ¼ 5:091� 105 � ½sinhð0:0063rÞ�6:1372 expð�153812:7=RTÞ:
ðEq 3Þ

3. Results and Discussions

3.1 FE Simulation Model

Parameters such as feed speed, heating frequency, and
electric current density were optimized by finite element (FE)

simulation. The FE model of hot push bending process is
presented in Fig. 4. In general, the billet temperature distribu-
tion is not uniform in the axial direction (Fig. 5). The
temperature of part squeezed into the induction coiler is higher
than that of the other parts. In addition, the temperature
distribution is different across the hoop direction, which is
caused by the different heat density in the inner and the outer
arc of the pipe blank. It is clear that, the temperature
distribution is a complicated phenomenon for both the axial
and hoop direction. Therefore, it is necessary to build the local
dynamic induction heating model of the hot push bending
process. The model includes the punch, pipe blank, induction
coiler, and the mandrel. To obtain accurate simulation results,
the tube, the induction coiler, and the mandrel were meshed
using the tetrahedron element. In this model, tube temperature
occurs dynamically (heated across the bending section) and
cooling begins when it leaves the induction coiler.

3.2 Effects of Feed Speed on the Quality of Bend Tube

To investigate the effects of feed speed on the quality of the
hot push bending tube, four different feeding speeds were
selected, i.e., 0.5, 5, 10, and 20 mm/s. Applying the lower
feeding speed, the tube requires higher time to be heated, which
will increase the friction force between the softening material
and the mandrel. The sections that were compressed were
subjected to axial thrust and friction force. Later stacking and
folding of material will generate in those sections as demon-
strated in Fig. 6(a). However, larger strain rate is always
generated at the higher feeding speed (20 mm/s). As presented
in Fig. 2, the larger strain rate will lead to the increase of
material deformation resistance and stress concentration in the
inner arc of the bend tube. Figure 6(b), (c) shows that the
quality of bend tube is quite good with appropriate feeding
speed (5, 10 mm/s). By taking the high cost of the fast feeding

Fig. 5 Temperature field distribution during simulation process

Fig. 6 Simulation results of different feed speeds: (a) 0.5 mm/s; (b) 5 mm/s; (c) 10 mm/s; (d) 20 mm/s
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speed into account, the lower feeding speed is more suitable for
this process.

3.3 Effects of Heating Temperature on the Quality of Bend
Tube

Heating temperature influences the hot push bending
process profoundly, which includes heating frequency and
current density. In order to study the effects of heating
frequency on the quality of bending tube, heating frequency
values of 1000, 1500, or 2000 Hz were utilized. Figure 7
shows the temperature field distribution of the different
heating frequencies. It can be concluded that temperature of
the tube billet was increased with the increase of heating
frequency, and the maximum temperature was increased from

1010 to 1120 �C. In Fig. 7(a), the tube billet had been
completely heated when the heating frequency was set at
1000 Hz, which satisfied the actual forming temperature
(900 �C).

Four different current density values were selected to
perform diverse heating efficiency, namely, 5, 10, 15, and
20 A/mm2. Figure 8 shows the temperature field distribution of
the different current densities. As presented in Fig. 8(a), lower
current density led to uneven temperature field distribution
where severe defects generated. The tube billet was thoroughly
heated under a higher current density (10 A/mm2), and the
maximum temperature reached 1030 �C, which satisfied the
actual forming temperature (900 �C). It can be also observed
from Fig. 8(c), (d) that excessive current density will overheat
the tube.

Fig. 7 Distribution of temperature field with the current density 10 A/mm2: (a) 1000 HZ; (b) 1500 HZ; (c) 2000 HZ
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3.4 Hot Push Bending Process of P11 Alloy Tube

Based on the simulation results, hot push bending experi-
ments were carried out, as shown in Fig. 9, with a feeding
speed of 5 mm/s, heating frequency of 1000 Hz, and current
density of 10 A/mm2. Figure 10 shows that the experimental
results are in good agreement with the simulation results.
Through observation and measurements, the surface quality of
the bend tube is high, and the actual size was U 112 mm9
6.04 mm which meets the size requirements of U 114 mm9
6 mm.

Figure 11 shows a comparison of the thickness of the inner
arc and outer arc between the simulation and experimental
results. The simulation and experimental curves have similar
trends. Figure 12 shows that the maximum cross-section

Fig. 8 Distribution of temperature field with the heating frequency 1000 Hz: (a) 5 A/mm2; (b) 10 A/mm2; (c) 15 A/mm2; (d) 20 A/mm2

Fig. 9 Equipment of hot push bending process
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distortion rates exist in enlargement section both of the
simulation and experiment processes. The cross-section distor-
tion rate was decreased with the tube billet entering into the
fixed diameter section. There is the same regulation between
the actual cross-section distortion rate distribution curve and the
simulation curve.

3.5 Microstructure and Mechanical Properties

TEM images in Fig. 13 show the microstructure of the
bend tube under different strain rates, which reveals that the
microstructure of the alloy steel that was observed following
hot deformation, changes with the decreasing strain rate.
Most specifically, the number of dislocations was decreased
and a recrystallized microstructure was formed. The low
dislocation density of Fig. 13(a) should be attributed to the
relatively low strain rate, which provides sufficient time for
dislocations to climb and bypass any microstructural obsta-
cles and rearrange. Correspondingly, fewer dislocations
adjacent the grain boundaries resulted in the advantages
related to the nucleation and grain growth during the
recrystallization. Furthermore, fine recrystallization grains
were gradually formed by the merging of the poorly
orientated grains and by the growth of the subgrains (Ref
18, 19). The lower deformation time limited the climbing and

bypassing of dislocations and hindered the release of the
stored energy, resulting to the generation of dislocation
walls. Therefore, there was a relatively large dislocation
density in the grains, as shown in Fig. 13(c), (d).

Figure 14 shows the microstructure of the neutral layer,
the outer arc, and the inner arc. It can be deduced from the
change of grains size that DRX was activated during the hot
push bending process. The crystalline grains were relatively
evenly distributed in Fig. 14(a). The crystalline grains of
Fig. 14(b) were elongated in a certain direction and the
average size of those grains was higher than that of the
grains of Fig. 14(a), (c). The tensile stress inflicted on the
outer arc was considered to be the reason for this phe-
nomenon. For the same reason, the compressive stress
exerted on the inner arc resulted in the prodigious refinement
of crystalline grains. Table 3 shows the mechanical proper-
ties of the outer arc and the neutral layer. It is clear that the
elongation and the tensile strength were decreased with grain
refinement. The reason is the increase of yield ratio that
reduced the ductility of the material.

In order to analyze the grain orientation and texture of the
deformed alloys after hot push bending process, EBSD analysis
was performed on the deformed alloys, which were located in
the inner and outer arc of the bending tube. As presented in
Fig. 15, the low-angle misorientation was increased compared

Fig. 11 Comparison of thickness between simulation and experi-
ment results Fig. 12 Comparison of cross-section distortion rate between simu-

lation and experiment results

Fig. 10 Comparison between final experiment result with the simulation result
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to the random distribution of grain orientation (the black lines).
This illustrates that the grain deformation occurred during the
bending process. Figure 16 shows the grain diameter and IPF X
coloring of both the inner and outer arcs. The grains below
5 lm account for the vast majority as presented in Fig. 16(a),
(b). In addition, it can be calculated by EDAX-TSL that the

green part is the main color in Fig. 16(c), (d), which means
most of the grains in direction of {101}//X are equiaxed grains,
where X is the pushing direction. The cause of this phenomenon
is considered to be DRX. As shown in Fig. 17, the outer arc
was textured in the Æ111æ//ND direction, which is more
concentrated than inner arc, where ND is the radial direction.

Fig. 13 TEM images under different feed speed at 1000 �C: (a) strain rate 0.01/s; (b) strain rate 0.1/s; (c) strain rate 1/s; (d) strain rate 2/s

Fig. 14 Microstructure of typical positions (2009): (a) Neutral layer; (b) outer arc; (c) inner arc
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Fig. 15 Misorientation angle distribution: (a) inner arc; (b) outer arc

Fig. 16 Grain diameter and IPF X coloring: (a) grain diameter of inner arc; (b) grain diameter of outer arc; (c) IPF X coloring of inner arc;
(d) IPF X coloring of outer arc
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4. Conclusions

(1) The flow stress of P11 alloy steel was increased with
the augment in the strain rate; thus, the P11 alloy steel
was a positive strain rate-sensitive material. P11 alloy
steel did not display the typical peaks on the true stress-

strain flow curves. However, the occurrence of DRX
was observed in the plots of the strain hardening rate h
as a function of stress r and lnh-lnr as a function of ln
h-e. The results were confirmed by the observations of
the microstructure of P11 alloy steel.

(2) The results of microstructure analysis indicated that the

Fig. 17 Pole figure and inverse pole figure: (a) pole figure of inner arc; (b) inverse pole figure of inner arc; (c) pole figure of outer arc;
(d) inverse pole figure of outer arc

Journal of Materials Engineering and Performance Volume 25(9) September 2016—3735



strain rates were significantly affected by DRX in the
hot deformation process. The size and volume fraction
of DRX was increased and the dislocation density
decreased with the decrease of strain rate.

(3) Due to recrystallization and difference in stress state, the
crystalline grains of inner arc are superior to grains of
outer arc and the neutral layer. However, outer arc per-
forms better than the neutral layer in elongation and ten-
sile strength, which is considered to be attributed to the
increase of yield ratio.
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