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Abstract: The constitutive model is still not available for theoretical and engineering analysis of
HNi55-7-4-2 alloy, which is a new type of wear-resistant brass alloy widely applied to car synchronizer
rings and ship condenser tubes etc. In the current investigation, a friction-corrected stress-strain curve
was obtained through a hot-compression test to develop the high-temperature constitutive model
of HNi55-7-4-2 alloy based on the Hansel–Spittel model. By comparing predicted flow stress and a
simulated force-stroke curve with experimental results, the proposed constitutive model was verified.
The developed constitutive model was applied to numerically simulate the hot precision forging of a
synchronizer ring. The simulation results based on two process plans on material flow and forging
defects were validated by process experiment. The Hansel–Spittel high-temperature constitutive
model proposed in this work enables the theoretical and engineering analysis of HNi55-7-4-2 alloy.

Keywords: HNi55-7-4-2 alloy; true stress-strain curve; constitutive model; finite element analysis;
synchronizer ring

1. Introduction

HNi55-7-4-2 alloy, a newly developed wear-resistant brass alloy, is currently applied to a
car synchronizer ring [1,2] and ship condenser tube, etc. With added Ni element, the alloy has
quite high mechanical, corrosion resisting and processing properties and, therefore, has a broad
application prospect.

The constitutive model of a metal or alloy is significant for both theoretical and engineering
analysis of a forming process. Nowadays, the constitutive models are usually integrated with finite
element method (FEM) software to numerically simulate the practical forming process. However,
the constitutive model of HNi55-7-4-2 alloy has not been available up to now.

There are usually three ways to obtain a constitutive model of metal or alloy. A physical-based
constitutive model, such as the Zerilli–Armstrong model [3–6], Rusinek–Klepaczko model [7–10]
or Voyiadjis–Almasri model [11], provides an accurate definition of material deformation behavior
over large ranges of strain rates and temperatures. Based on some physical assumptions, usually,
a large chunk of data is required to determine a significant amount of material constants to obtain a
physical-based constitutive model.

Without physical assumptions, mathematical model supposition and material parameter
determination, an artificial neural network method [12–16] provides an alternative way for a material’s
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constitutive model construction. Unfortunately, the artificial neural network method has not been
integrated with FEM software for numerical simulation.

A phenomenological constitutive model uses several mathematical functions to express the
relationship between flow stress and deformation parameters. With higher precision and fewer
material constants, a phenomenological constitutive model has been extensively utilized by researchers,
while it lacks distinct physical definition. Several typical phenomenological constitutive models,
such as the Arrhenius [17–20], Johnson–Cook [21–23] and Hansel–Spittel models [24–26], have been
successfully used to predict flow stress of various alloys.

Most of the investigations on phenomenological constitutive models reported in the literature are
based on Arrhenius [27] and Johnson–Cook models as well as their modified methods, while a few
investigations are based on the Hansel–Spittel model and its modified ones, even though, unmodified
Arrhenius and Johnson–Cook models generally have lower precision. In addition, the Hansel–Spittel
model has been integrated with finite element software FORGE 2011 [25,28], while all kinds of modified
Arrhenius and modified Johnson–Cook models were difficult to integrate with some FEM software in
the forging industry.

In the current investigation, based on a practical stress-strain curve obtained from a
hot-compression test, the high-temperature constitutive model of HNi55-7-4-2 alloy was developed
through the Hansel–Spittel method for theoretical and engineering analysis. After theoretical and
numerical verification, the proposed constitutive model was utilized to implement FEM numerical
simulation of hot precision forging of a synchronizer ring, and analyze the material flow of two process
plans. The results of FEM numerical simulation were validated by a process experiment.

In this paper, theoretical backgrounds are illustrated in Section 2. The development and verification
of a Hansel–Spittel high-temperature constitutive model for HNi55-7-4-2 alloy is described in Section 3.
Section 4 illustrates the implementation process that was applied to the proposed constitutive model
in order to numerically simulate the hot precision forging of a synchronizer ring. Concluding remarks
are given in Section 5.

2. Theoretical Background

2.1. Effect of Friction

The development of a high-temperature constitutive model is based on practical true stress-strain
curve from a hot-compression test. In the process of a hot-compression test, the interfacial friction
between the specimen and die makes the drum-like shape of specimens after compression, as shown in
Figure 1. This phenomenon will change the uniaxial compression stress state, and make it impossible
to obtain the accurate stress-strain curves. Therefore, it is necessary to evaluate the effect of friction.Metals 2020, 10, x FOR PEER REVIEW 3 of 20 
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Roebuck [29] proposed a criterion to evaluate the effect of friction through a barreling coefficient,
which is expressed as:

B =
h1R2

M

h0R2
0

(1)

where B is the barreling coefficient; h1 is the height of deformed specimen; RM is the maximum
radius of the deformed specimen; R0 and h0 are initial radius and height of the specimen, respectively,
see Figure 1.

When 1 < B ≤ 1.1, the differences between measured flow stress and the true flow stress are slight.
The measured flow stress curves need not to be corrected. When B > 1.1, the measured flow stress
curves must be corrected [30].

2.2. Method of Friction Correction

When the value of B is >1.1, the friction has a great influence on the measured flow stress. Friction
correction of the measured flow stress should be carried out at this time. The corrected flow stress
could be obtained through the method proposed by Gholamzadeh [31]:

σ =
σ0

1 + (2/3
√

3)m(R0/h0)e3ε/2
(2)

where σ0 and σ are the flow stresses before and after friction correction, respectively; ε is the true strain
corresponding to homogeneous deformation; m is a friction factor as follows:
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where R1 is the average radius of deformed specimen, defined as R1 = R0
√

h0/h1; RT is the top radius
of the deformed specimen.

2.3. Hansel–Spittel Model

The thermo-viscoplastic constitutive model under hot condition is used in the finite element
software FORGE 2011 to simulate bulk metal forming. One of the models mostly used for bulk metal
forming is the Hansel–Spittel model. It could be used to describe the relationship between the flow
stress σ, strain rate

.
ε, strain ε and deformation temperature T. The model proposed by Hansel and

Spittel is given as [32]:

σ = Aem1Tεm2
.
ε

m3e
m4
ε (1 + ε)m5Tem7ε .

ε
m8TTm9 (6)

where σ is the flow stress (MPa); e is the natural constant; T is the deformation temperature (◦C); ε is
the strain;

.
ε is the strain rate (s−1); A, m1, m2, m3, m4, m5, m7, m8 and m9 are the material constants.

By taking the natural logarithm on both sides of the equation, Equation (6) can be transformed as:

ln σ = ln A + m1T + m2 ln ε+ m3 ln
.
ε+ m4/ε+ m5T ln(1 + ε) + m7ε+ m8T ln

.
ε+ m9 ln T (7)

3. Development of Constitutive Model

To develop the high-temperature constitutive model of HNi55-7-4-2 alloy, a hot-compression test
needs to be implemented to obtain the practical stress-strain curves. Based on the stress-strain curves
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from the test, the theory presented in Section 2.3 could be used to determine the material parameters in
the constitutive equation.

3.1. Hot-Compression Experiment Process and Results

The chemical composition of HNi55-7-4-2 alloy investigated in the current work is given in Table 1.
Its microstructure is shown in Figure 2. Where the matrix is β phase, the strengthening phases are
distributed on the β-phase matrix in particulate and massive shape. The strengthening phases on the
longitudinal section are under interrupted distribution along the direction of extrusion. The β phase is
usually hard and brittle at room temperature. Therefore, the HNi55-7-4-2 alloy is more suitable for hot
forming process, such as hot forging.

Table 1. The chemical composition of as-extruded HNi55-7-4-2 alloy (mass fraction, %).

Element Cu Ni Al Si Fe Zn

Mass fraction (wt.%) 55 7 4 2 0.7 Rest
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Figure 2. Microstructures of as-extruded HNi55-7-4-2 alloy: (a) cross section; (b) vertical section.

The specimens used in the hot-compression test from an extruded HNi55-7-4-2 alloy cylinder,
offered by Luzhou Long River Mechanical Company Ltd., Luzhou, China. The specimens are
Φ8 × 12 mm cylinders prepared through low-speed wire cutting of the extruded cylinder.

The hot-compression test was carried out on a thermal simulator (Gleeble-3500, Dynamic
Systems Inc., New York, NY, USA). To mitigate the effect of friction on the experimental result, graphite
lubricant was coated on two ends of the specimens. At a heating rate of 10 ◦C/s, the specimens
were heated to experiment temperature 600, 650, 700, 750 and 800 ◦C, respectively. Each experiment
temperature was held for 180 s. The experiment strain rates were set as 0.01, 0.1, 1 and 10 s−1,
respectively. The specimens were deformed to the height reductions of 60% with the true strain of 0.9.

The experiment’s resulting data, such as the values of flow stress, strain, stroke and force,
were collected through the computer control system of the thermal simulator automatically.

The practical stress-strain curves of HNi55-7-4-2 alloy under various deformation conditions were
determined based on the values of flow stress and strain obtained from the experiment, as shown in
Figure 3.
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strain rate of: (a)

.
ε = 0.01 s−1, (b)

.
ε = 0.1 s−1, (c)

.
ε = 1 s−1, (d)

.
ε = 10 s−1.

It can be seen that the effects of deformation temperature, strain rate and strain on flow stress of
HNi55-7-4-2 alloy are remarkable. At a certain strain rate, the stress will decline with the temperature
rise. At a fixed temperature, the stress will rise with the increase of strain rate. It can be said that
HNi55-7-4-2 alloy is a material with negative thermal sensitivity and positive strain rate sensitivity.
Then, the stress-strain curve obtained by thermal simulator is used to develop the Hansel–Spittel
constitutive model. In order to verify the accuracy of the model, the force-stroke curves simulated by
the developed constitutive model is compared with the experimental force-stroke data. The details
will be presented in Section 3.4.

3.2. Friction Correction

The stress-strain curves of HNi55-7-4-2 alloy at various temperatures and strain rates were obtained
through the hot-compression test, as those presented in Figure 3 (dot line). According to Section 2.1,
it is necessary to evaluate the effect of friction on stress-strain curves based on a barreling coefficient.

With measured sizes of deformed specimens under various deformation conditions, the values
of the barreling coefficient B for specimens were calculated through Equation (1), given in Table 2.
This shows that all the values of B are > 1.1. Therefore, the obtained flow stress curves of HNi55-7-4-2
alloy have to be corrected.
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Table 2. Value of B under various deformation conditions.

Strain Rate/s−1 Deformation Temperature/◦C

600 650 700 750 800

0.01 1.212 1.169 1.188 1.146 1.154
0.1 1.233 1.227 1.195 1.140 1.173
1 1.118 1.147 1.139 1.190 1.254
10 1.182 1.218 1.137 1.184 1.220

Using Equations (2)–(5), the friction correction of the true stress-strain curves obtained through
the experiment was implemented. The correction results are shown in Figure 3 (solid line). It can
be seen that the corrected flow stress values are much lower than the measured ones. In addition,
the effect of the friction increases with the increasing strain and strain rate as well as decreasing
deformation temperature.

3.3. Development of Hansel–Spittel Constitutive Model

The thermal deformation behaviors of HNi55-7-4-2 alloy depend on temperature T, strain
rate

.
ε and strain ε. With the friction corrected stress-strain curves and theory described in

Section 2.3, the high-temperature constitutive model of HNi55-7-4-2 alloy was developed based
on the Hansel–Spittel model.

3.3.1. Determination of m3 and m8

When the deformation temperature T and strain ε are of certain values, ln A + m1T + m2 ln ε+
m4/ε+ m5T ln(1 + ε) + m7ε+ m9 ln T is a constant, which could be set as L1. Equation (7) can be
transformed into Equation (8):

ln σ = L1 + (m3 + m8T) ln
.
ε (8)

Here, S1 = m3 + m8T is set. The stress data with the strain ranging from 0.1 to 0.8 and interval
being 0.1 at all deformation conditions were substituted into Equation (8). The scatter diagram of ln

.
ε

and ln σ at each deformation temperature was drawn and linearly fitted. The fitting results are shown
in Figure 4, taking the results for T = 600 ◦C, T = 700 ◦C and T = 800 ◦C as examples. The slope of
fitting line was the S1 value at the corresponding deformation condition.
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The relationship between S1 and T for various strain values can be obtained. The mean values of
parameters m3 and m8 can be acquired from the intercept and slope of the lines, as shown in Figure 5.
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3.3.2. Determination of m1, m5 and m9

When the values of strain rate
.
ε and strain ε are constants, ln A + m2 ln ε+ m3 ln

.
ε+ m4/ε+ m7ε

is a constant, set as L2. Equation (7) can be transformed into Equation (9):

ln σ = L2 +
[
m1 + m5 ln(1 + ε) + m8 ln

.
ε
]
T + m9 ln T (9)

Here, S2 = m1 + m5 ln(1 + ε) + m8 ln
.
ε is set. The stress data with the strain ranging from

0.1 to 0.8 and interval being 0.1 at all deformation conditions were fitted in the function form of
ln σ = S2T + m9 ln T + L2. The mean value of m9 can be obtained by determining mean value of fitting
coefficient of ln T. The fitting results by taking

.
ε = 0.01 s−1 and

.
ε = 1 s−1 as examples are shown in

Figure 6. The relationship between S2 and ln (1 + ε) for various strain rate values can be obtained.
The mean value of m5 can be acquired from the slope of the lines. The mean value of m1 can be
determined from the intercept of the lines and the obtained m8 value.
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3.3.3. Determination of m2, m4, m7 and A

With fixed values of the strain rate
.
ε and deformation temperature T, parameter L3 will be a

constant, which is defined as ln A+m1T +m3 ln
.
ε+m8T ln

.
ε+m9 ln T. Equation (7) can be transformed

into Equation (10):
ln σ = m2 ln ε+ m4/ε+ m5T ln(1 + ε) + m7ε+ L3 (10)

The stress data with the strain ranging from 0.1 to 0.8 and interval being 0.1 at all deformation
conditions were fitted in function form of Equation (10), to obtain the fitting coefficients at various
temperatures. The mean values of m2, m4 and m7 were obtained correspondingly. Substituting
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the stress-strain data and the obtained values of m1~m9 into Equation (6), the mean value of A can
be determined.

3.3.4. Obtaining Hansel–Spittel Constitutive Model

At this point, all of the material constants for the Hansel–Spittel high-temperature constitutive
model are determined, as given in Table 3. The developed Hansel–Spittel constitutive model is
described by Equation (11):

σ = 2.59× 104e−3.36×10−3Tε−0.268 .
ε

0.119e
−0.016
ε (1 + ε)1.33×10−3Te−0.142ε .

ε
1.57×10−4TT−0.752 (11)

Table 3. Values of material constants based on Hansel–Spittel model.

Constants A m1 m2 m3 m4 m5 m7 m8 m9

Value 2.59 × 104
−3.36 × 10−3 −0.268 0.119 −0.016 1.33 × 10−3 −0.142 1.57 × 10−4

−0.752

3.4. Verification of Constitutive Model

Through the developed high-temperature constitutive model (see Equation (11)), the values of
flow stress under various deformation conditions could be predicted. The predicted flow stress values
were compared with those obtained from a hot-compression test to verify the proposed constitutive
model, as shown in Figure 7. It can be seen that the flow stress predicted through the constitutive
model agrees with the experimental result well.
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Three statistical parameters—average absolute relative error (AARE), correlation coefficient (R)
and root mean square error (RMSE)—were introduced here to evaluate the validity and prediction
accuracy of the proposed constitutive model. The definition formulae of three statistical parameters
are as follows:

AARE =
1
n

i=n∑
i=1

∣∣∣∣∣Ei − Pi
Ei

∣∣∣∣∣× 100 (12)

R =

i=n∑
i=1

(
Ei − E

)(
Pi − P

)
√

i=n∑
i=1

(
Ei − E

)2i=n∑
i=1

(
Pi − P

)2

(13)

RMSE =

√√√
1
N

N∑
i=1

(Ei − Pi)
2 (14)

where n is the number of data used in this work; Ei and Pi are experimental flow stress from experiment
and predicted flow stress, respectively; E and P are the mean values of Ei and Pi, respectively.

The correlation coefficient R denotes the power of linear relation between experimental value
and predicted value. The higher value of R does not always indicate a better performance since the
tendency of the model could be biased. AARE is an unbiased statistical parameter which can accurately
estimate the predication performance of models. RMSE is a prediction accuracy measurement used to
estimate the deviation of predicted value from experimental value. The smaller the values of AARE
and RMSE, the higher the model prediction accuracy will be.

The values of AARE, R and RMSE between experimental results and predicted ones from the
Hansel-Spittel constitutive model are 5.6791%, 0.9912 and 2.6456 MPa, respectively. This verifies the
prediction capability of the proposed constitutive model.

To validate the application of the developed Hansel–Spittel constitutive model to finite element
numerical simulation for practical engineering analysis, the proposed model was used in the
finite element software FORGE. Numerical simulation for 20 groups of hot-compression tests was
implemented according to the experiment setting presented in Section 3.1. The simulation parameters
were set as shown in Table 4.

Table 4. Simulation parameters.

Deformation
Temperature/(◦C) Speed/(mm/s) Minimum Mesh

Size/(mm) Friction Type Heat Exchange
with Die

Heat Exchange
with Air

600–800 0.08–80 1.2 Water +
graphite adiabatic adiabatic

The force-stroke curves from finite element numerical simulation were compared with those
from the experiment (see Section 3.1) at various deformation conditions. The comparison results are
presented in Figure 8.

It can be seen, as a whole, the force-stroke curves obtained through numerical simulation agrees
with those from the experiment. Table 5 presents the values of AARE between the experimental results
and the simulated ones under various deformation conditions. The maximum error value is 10.89%
at 700 ◦C and 0.01 s−1, the minimum one is 3.98% at 600 ◦C and 10 s−1, and the mean error is 6.09%.
This shows that the proposed Hansel–Spittel constitutive model of HNi55-7-4-2 alloy can be applied to
finite element simulation with high accuracy.

Based on the validation of model application to numerical simulation, the proposed constitutive
model could be used for the finite element simulation of a practical manufacturing process,
see Section 4.2.
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Table 5. Average absolute relative error (AARE) between experimental and simulated results at various
deformation conditions.

Strain
Rate/s−1

Deformation
Temperature/

◦C

Average Absolute
Relative Error

(AARE)/%

Strain
Rate/s−1

Deformation
Temperature/

◦C

Average Absolute
Relative Error

(AARE)/%

0.01

600 4.4602

1

600 5.1318
650 5.1051 650 5.5802
700 10.8945 700 5.4778
750 8.7206 750 5.6437
800 9.2164 800 4.1703

0.1

600 5.4075

10

600 3.9793
650 5.4329 650 6.1080
700 5.0457 700 6.2872
750 6.3852 750 5.7393
800 7.7743 800 5.2238

4. Application of High-Temperature Constitutive Model of HNi55-7-4-2 Alloy

This section presents a practical engineering application of the developed Hansel–Spittel
high-temperature constitutive model of HNi55-7-4-2 alloy. The constitutive model was utilized
to numerically simulate and analyze the hot precision forging process of synchronizer ring. A process
experiment was carried out to validate the numerical simulation results.
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4.1. Hot Precision Forging Process

A synchronizer ring made of HNi55-7-4-2 alloy is shown in Figure 9. This part is of complex
structure; 36 combing teeth are uniformly distributed at three segments along the outer circumference
of the ring. The addendum circle diameter D is 82.45 mm; 6 rectangular teeth are uniformly distributed
on the inner circumference, with 3 convex keys set outside. The internal surface is a circular conical
surface and the taper angle is 7.5◦.
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Figure 9. Structure of synchronizer ring: (a) 3D model, (b) actual part.

The process flow of this synchronizer ring is as follows: smelting—continuous casting and rolling
of copper rod—hot extrusion of copper tube—sawing—medium-frequency induction heating—hot
precision forging—machining. The key step is the hot precision forging, especially the forging of the
combing teeth, rectangular teeth and convex keys. Besides ensuring the filling of forgings, forging
defects such as folding and cracking should be prevented.

Based on previous experience, two hot precision forging processes were designed for numerical
simulation, comparing and analysis. The two process plans are illustrated in Figure 10. In plan 1,
the billet is placed on the step plane of the bottom die and localized with the addendum circle of the
tooth profile of the bottom die. Billet size: outer diameter D2 is 79.8 mm, inner diameter d2 is 65.5 mm,
and height h2 is 13.5 mm. In plan 2, the billet was placed on the bottom of the bottom die and localized
with the side face of the step. Billet size: outer diameter D3 is 73.4 mm, inner diameter d3 is 61.5 mm,
and height h3 is 17.5 mm.
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4.2. Numerical Simulation of Hot Precision Forging

4.2.1. Finite Element Modelling

Finite element modelling was implemented first so as to carry out numerical simulation of the
hot precision forging process of the synchronizer ring. With the 3D model of die and billet created by
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commercial software UG8.0, the codes FORGE 2011 was used to set up a finite element model of hot
precision forging, as shown in Figure 11.
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The developed Hansel–Spittel constitutive model was applied to the material property setting.
Due to the symmetry, only one third of the 3D model was used for simulation to save computing time,
as shown in Figure 11. The parameters used for numerical simulation are displayed in Table 6.

Table 6. Parameters for numerical simulation.

Minimum
Mesh Size/mm

Friction
Type

Environment
Temperature/(◦C)

Initial Forging
Temperature/(◦C)

Die
Temperature/(◦C)

Extrusion
Speed/(mm·s−1)

Heat Transfer
Condition

1.2 Water+
graphite 50 700 250 50 Weak heat

transfer

4.2.2. Numerical Simulation Analysis

Based on the numerical simulation of the hot precision forging process for the synchronizer ring,
the metal flow and forging filling were analyzed and compared for the two forming plans.

Figure 12a illustrates the force-stroke curve during the hot precision forging process of the
synchronizer ring in plan 1. The process can be divided into three stages according to the force change.
In stage 1, the top die was inserted into the inner bore of the billet, the alloy material was thrown into
side wall and convex key cavity along axial direction. With the extrusion of the top die, a small part
of the metals flowed into the gear cavity gradually, as shown in Figure 12b. In stage 2, the cavities
for teeth, convex key and side wall were gradually filled with material. The bottom material flowed
radially and formed rectangular teeth and inner flash. The top metals passed through the flash land to
form an outer flash. In this stage, the material from two directions filled the junction section between
the convex key and side wall. This may lead to a folding defect, see Figure 12c. In stage 3, with the top
die pressing down constantly to the specified stroke, the forming force kept the rise. To ensure the
filling of forging, a forging-die resistance slot is set on the bottom die. It prevents material flowing out
from the flash land and formed outer flash. Meanwhile, material will flow out from the rectangular
teeth cavity and formed inner flash. The folding defect may therefore appear around the rectangular
teeth, see Figure 12d. The numerical simulation result of plan 1 showed that an obvious folding defect
occurred at the junction between the convex key and side wall, as shown in Figure 12e.
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The force-stroke curve of plan 2 is shown in Figure 13a. According to the force change, the process
can be divided into three stages. In stage 1, the material was thrown into the rectangular teeth
cavity, and the top die was inserted into inner bore of the billet (see Figure 13b). In stage 2, the top
die continued to press down, a small part of material flowed into the convex key cavity gradually
(Figure 13c). In stage 3, the material filled the teeth and convex key cavities. The filling of teeth mainly
depended on radial material flow. The material filling the convex key cavity was from both radial and
axial flow; see Figure 13d. The numerical simulation of Plan 2 presented a reasonable material flow at
the junction between the convex key and side wall. It prevented the folding defect like that in Plan 1
from appearing. In the numerical simulation of plan 2, the folding defect occurred only at the inner
flash (see Figure 13e).Metals 2020, 10, x FOR PEER REVIEW 15 of 20 
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4.3. Process Experiment

The billet used in the process experiment was prepared through cutting a hot extrusion tube
(see Figure 14a). According to the billet size setting in the two process plans for numerical simulation
in Section 4.1, two sizes of billets were prepared to implement the two process plan experiments.
The billet was heated by a natural gas heating furnace. Hot precision forging was conducted on
a numerical-control electric screwing press (see Figure 14b). Before forging, the die (Figure 14c)
was preheated within the temperature range of 250–300 ◦C, and then sprayed with water-based
graphite lubricant.
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The process experiment results are shown in Figure 15. In the experiment of plan 1, obvious
folding defects were found at the junction between the convex key and side wall of the synchronizer
ring, as shown in Figure 15a.

As for the synchronizer ring formed in the experiment of process plan 2 (Figure 15b), the folding
defect only occurred at the inner flash. No folding defect appeared at other parts. The forging was
fully filled.

The experimental results of the two process plans validate the numerical simulation prediction
presented in Section 4.1. It shows the proposed Hansel–Spittel high-temperature constitutive model
could be applied to practical engineering analysis well.
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5. Conclusions

In the current investigation, based on the practical stress-strain curves, the Hansel–Spittel
high-temperature constitutive model was developed for a new type of wear-resistant alloy, HNi55-7-4-2.
With friction effect correction, the true stress-strain curve of HNi55-7-4-2 alloy was obtained through a
hot-compression test at temperature of 600–800 ◦C and strain rate of 0.01–10 s−1.

Based on the developed Hansel–Spittel constitutive model, flow stress values and force-stroke
curves of HNi55-7-4-2 alloy were predicted and numerically simulated, respectively. The predicted and
simulated results agreed with those from an experiment well. This verified the proposed Hansel–Spittel
constitutive model.

The proposed Hansel–Spittel constitutive model was used to numerically simulate the hot
precision forging of a synchronizer ring. The simulation results were validated by a process experiment.
It was shown that the developed Hansel–Spittel constitutive model of HNi55-7-4-2 alloy could be
reasonably applied to practical engineering analysis, in order to guide practical production.

The Hansel–Spittel high-temperature constitutive model developed in the current work makes it
possible to implement the theoretical and engineering analysis of HNi55-7-4-2 alloy.
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Nomenclature

Symbol/Acronym Full Name
B Barreling coefficient
h1 Height of deformed specimen (mm)
RM Maximum radius of the deformed specimen (mm)
R0 Initial radius of the specimen (mm)
h0 Height of the specimen (mm)
σ0 Flow stresses before friction correction (MPa)
σ Flow stresses after friction correction (MPa)
ε True strain
.
ε Strain rate (s−1)
m Friction factor
R1 Average radius of deformed specimen (mm)
RT Top radius of the deformed specimen (mm)
T Deformation temperature (◦C)
A, m1, m2, m3, m4, m5, m7, m8, m9 Material constants (bcc)
β Brass beta-phase
D Addendum circle diameter (mm)
D2*d2*h2 Billet size of plan 1 (mm)

D3*d3*h3
Billet size of plan 2 (mm)
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