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Abstract. The land-gear forgings are the most important structure parts, made of high
strength steel 300M. Because of the bad service environment, the microstructure and
performance of the part are very strict requirements. In this article the evolution of grain size
during the die-forging process is predicted, the volume fraction of dynamic recrystallization,
grain refinement and development of grain size in-homogeneity, and the affection of billet
shape on the grain size distribution are analyzed. The simulated results show that the grain
size differences on the different billet positions are very large at the deformation beginning.
But in final forging stage, the difference of the average grain size is smaller. At some center
zones of the part the maximum difference of grain size is bigger than 100 m.

1. Introduction
The land-gear forgings are the most important structure parts, made of high strength steel 300M.
Because of the bad service environment, the requirements of micro-structure and performance are
very high. The evolution of grain size during the die-forging process is predicted, and the differences
of evolution of grain size between different areas of the billet are discussed through the computer
simulation.
It is main differences between the article and other researches [4–6] that the constitutive relation
[1–3] used for this article considers the dynamic recrystallization process, the dynamic/static grain
growth process and mutual conversion between them.
In the numerical simulated results, the geometrical model [1] (Fig. 1), by Jin Quanlin, is used
for description of dynamic recrystallization process. Different colors are used for distinguishing the
recrystallized zone and unrecrystallized zone in the material micro-element. The variables used in this
article are the volume fraction of dynamic recrystallization X, average grain size D, recrystallizaed
grain size D2, unrecrystallized grain size D1, maximum difference of grain size Dc. the definition of the
variables refers to reference [1].
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Figure 1. Geometric model of dynamic recrystallization.

2. The constitutive telation and material parameter of 300m used for the
numerical simulation
By using the conventional assumption, such as volume incompressible, isotropic, normal flow rule, the
rigid visco-plastic constitutive relation can be expressed as below [1]:

 e = f (e , ˙e , T ,  ),  = 1, 2, 3.....
˙ij = 32 ˙ee sij
(1)

˙  = g(e , ˙e , T ,  ),  = 1, 2, 3.....
Where e is equivalent stress; e is equivalent strain; ˙e is equivalent strain rate; T is temperature; As the
internal state variable of invertible thermodynamics,  ( = 1, 2, 3 . . .) is a scalar or tensor, and used
for describing the material microstructures.
Equation (1) shows that equivalent stress is the function of equivalent strain, equivalent strain rate,
temperature, microstructures variable. It is so difficult to get the general expression of the function for
300M that the function e = f (e , ˙e , T ,  ) has to be replaced by a group of true stress-true strain
curves, which are from hot compression tests of the cylinder specimens. Obviously, the effect of the
microstructure and its evolution on the macroscopic deformation is included in these test data. The
equivalent stress in the body at a point and a time can be obtained by interpolation of experimental data.
The true strain vs. true strain curves here is from the reference [2]. Equation (2) is evolution equation of
the plastic deformation. Equation (3) is evolution equation of the micro-structure.
By appropriately simplifying the thermal visco-plastic constitutive equation included dynamic
recrystallization in reference [1], the evolution equation of the internal variables (2) can be obtained,
where the unit of grain size is mm. The material parameters are obtained are from reference [2] through
compression test and metallographic experiment.
Dynamic recrystallization appears, if ˙ > 0, Ds = D2 < D0 .
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Figure 2. Initial shape and temperature
contribution of the billet.

Figure 3. The depress speed of up die with its
stroke.

During hot die-forging, the condition of dynamic grain growth is ˙ > 0, DS > D0 , or log10 Z ≤ 8.446.
In this case, the evolution equation of average grain size is:

C1 = 592210.0, C2 = −0.36, A = 12.0





D S = C1 Z C 2 ,





 B = DS − D0 ,
D = D0 + B(1 − EXP (−A( − 0 )))





 Ḋ = C2 ln(10)Ds (1.0 − EXP (−A( − 0 )))




 d(log10 Z) + ABEXP (−A( − 0 ))˙.
dt

(3)

During hot die-forging, in the cases of static grain growth (˙ = 0, Ds > D0 ) and static recrystallization
(˙ = 0,  > 0, Ds ≥ D0 ), the evolution equation of average grain size is:

R1 = 7.45E − 4, R2 = 1.21E − 2,






 RA = 7.292E − 4,



 Ds = R1 EXP (R2 T ),
RB = D s − D 0 ,






D = D0 + RB (1 − EXP (−RA (t − t0 )))




 Ḋ = R2 DS (1 − EXP (−RA (t − t0 )))Ṫ + RB RA EXP (−RA (t − t0 )).

(4)

3. Numerical simulation of the die-forging process
The simulation software used in this article is DEFORM-3D and the developed software. The abovementioned constitutive relation is included in the developed software.
Three objects, a billet, upper die and lower die, are involved in the simulation of land gear dieforging. The billet is assumed be a rigid visco-plastic object, and is governed by the above constitutive
law. The upper die and lower die are assumed be rigid. The billet shape is similar to that of the final
forging by means of free forging. The billet is heated to 1140 ◦ C in a furnace. The temperature of the
billet becomes a litter lower due to the heat loss during the billet transportation. Figure 2 shows the
shape and temperature distribution of the billet. The initial temperature of dies is 400 ◦ C. A hydraulic
forging press is used here, upper die velocity decreases gradually with the increase of stroke, as shown
in Fig. 3.
02004-p.3
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Figure 4. Distribution of Log10Z.

Figure 5. Distribution of Case.

Figure 6. Distribution of average
grain size.

Figure 7. Distribution of Log10Z.

Figure 8. Distribution of dynamic
recrystallization volume fraction.

Figure 10. Distribution of Max. grain
size difference.

Figure 11. Distribution of recrystallized grain size.

Figure 9. Distribution of average
grain size.

Figure 12. Distribution of unrecrystallized grain size.

4. The simulated results and analysis
With reference to the velocity curve in Fig. 3, the stroke of upper die is 228 mm,the duration is
9.32 second, the simulation step is 686. The results in step 120, 392, 686 are selected to analyze the
shape chages and grain size evolution of the work piece. The (stroke, time) related to the three steps are
(60 mm, 2 s), (172 mm, 5.9 s), (228 mm, 9.3 s), respectively.

4.1 The deformation and the grain size evolution at the initial moment
The initial moment refers to step 120, stroke 60 mm, time is second 2. Because of the special shape, the
contact area of the billet to upper die is very small so there is only local deformation in the billet and
strain rate of the most regions is close to zero. Figure 4 shows distribution of the common logarithm
of the parameter Z. It can be seen from Fig. 4 that deformation zones in red and yellow is smaller
than the blue static zones. Zero strain rate corresponds to the zero the parameter Z. The critical value
of Z between dynamic recrystallization and dynamic grain growth is Log10Z=8.446. The evolution
state of grain size is shown by the case distribution in the Fig. 5. The case 1 corresponds to the
static grain growth, case 2 corresponds to the dynamic grain growth, case 3 corresponds to dynamic
recrystallization. It can be seen that the distribution in Fig. 4 is similar to that in Fig. 5. Figure 6 is the
02004-p.4
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Figure 13. Distribution of Log10Z.

Figure 14. The volume fraction
Distribution of dynamic
recrystallization.

Figure 16. Distribution of Max. grain
size difference.

Figure 17. Distribution of recrystallized grain size.

Figure 15. Distribution of average
grain size.

Figure 18. Distribution of unrecrystallized grain size.

distribution of average grain size, from which can be seen that the grain refinement appears in very few
zones, and the slight grain growth appears in the most zones.

4.2 The deformation and the grain size evolution at the middle moment
The middle moment refers to step 392, stroke 172 mm, time 5.9 s. The large deformation and the local
flash occurred. Figure 7 shows that the values of the parameter Z in the most zones of billet are bigger
than the critical value of dynamic grain growth, log10Z>8.446, the most zones of billet are in the
state of dynamic recrystallization. But Fig. 8 shows that some zones of billet didn’t occur dynamic
recrystallization because of the inhomogeneity of deformation.
The average grain size and the maximum difference of grain size, the recrystallized grain size,
the unrecrystallized grain size are shown in the Figs. 9 and 10. The distribution of the grain size is
very uniform, the minimum grain size is 20 m, the maximum grain size is bigger than 200 m. The
maximum difference in a microscopic element is 160 m.

4.3 The deformation and the grain size evolution at the final moment
The final moment refers to step 686, stroke 228 mm, time 9.3 s. The part forging is finished, and the
integral flash appears.
Figure 13 shows that the values of the parameter Z of the billet are all bigger than the critical value
of dynamic grain growth, log10Z>8.446, the whole part are in the state of dynamic recrystallization.
The Fig. 14 shows that the volume fraction of the recrystallization in some center zones of the billet is
still small, because of the inhomogeneity of deformation.
The average grain size and the maximum difference of grain size, the recrystallized grain size, the
unrecrystallizaed grain size are shown in the Figs. 15–18.
02004-p.5
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Figure 19. Position of four tracked
points.

Figure 20. Variation of dynamic recrystallization
volume fraction of four tracked points with time
steps.

Figure 21. Variation of average grain
size of four tracked points with time
steps.

Figure 22. Variation of max grain size difference of
four tracked points with time steps.

The grain size in the final moment becomes finer and more homogeneity than the middle moment.
The minimum average grain size is 20 m, the maximum average grain size is smaller than 80 m. The
average grain rate in most zones is between 30 m and 40 m.
It can be seen form Fig. 16 that the maximum grain size difference in the microscopic element has
been smaller than 60 m.

4.4 The grain size evolution on different points
Due to the complex shape, the deformation process of every point of the billet is different with others,
the same as the process of the dynamic recrystallization and the evolution of grain size.
Four typical points are chosen to be tracked to research the dynamic recrystallization and the
evolution of grain size. Figure 19 shows the positions of four points. Figures 20–22 show the curves
of the volume fraction of the recrystallization X, the average of grain size D, the maximum difference
of grain size Dc for the chosen four points.
It is noted that the sequence of starting dynamic recrystallization on the four points is 2,4,1,3, this is
also the sequence of grain refinement, is also the sequence of transition from the uniform grain size to
the non uniform state. The sequence is due to the difference in the time of starting deformation and the
amounts of deformation.
At the final moment, the volume fractions of the recrystallization of the chosen four points are
different with each other, the minimum value is only 0.1 on point 3, the maximum value is close to 0.9,
on point 1 and 2. But the average grain size on the four points is about 50 m.
The variation of the maximum differences of grain size with time step on the four points is shown in
Fig. 22. The maximum difference of the grain size on point 3 nearly reaches to 100 m, the maximum
differences of the grain size on points 1 and 2 are in 30–40 m.
02004-p.6
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5. Conclusion
A numerical prediction of grain evolution during the die forging of the aircraft landing gear is carried out
in this paper. The development of dynamic recrystallization, grain refinement and grain inhomogeneity
are analyzed. The influence of billet shape on the grain size distribution is also discussed. It is concluded
that:
For the billet, the time of starting deformation on different positions of the billet is different. This
makes the difference in dynamic recrystallization and grain refinement on different positions is very
large. However, at the final moment. The difference of grain evolution decreases, such as, the difference
of the average grain size is between 20–60 m, which is better result.
For the four tracked points, the three sets of curves, dynamic recrystallization volume fraction,
average grain size and maximum grain size difference, have similar characteristics. It is suggested that
optimizing the shape at the point 3 of the billet for reducing the difference in the deformation and the
grain evolution.
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