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1. INTRODUCTION

Hot torsion test is widely used for determining

the constitutive parameters for a given material

[1-7]. During the hot torsion test, high strains and

strain rates can be achieved without the problems

of necking and barreling. The effective strain and

effective stain rate in this test, depend on

specimen gauge length and radius. Many

researchers [1-6] have used a wide range of

specimen geometries and sizes to overcome the

test rig limitations in order to obtain the required

strain and strain rate ranges.

Temperature measurements before and during

the test can only be performed at a few points

including those on the gauge surface and at the

ends of the centre holes in the shoulders of the

specimen. It is necessary to analyze temperature

distribution and microstructure homogeneity at

each stage of the HTT separately before any

meaningful judgment can be made on the final

errors encountered. A numerical thermo-

mechanical analysis of the test at different stages

namely reheating and deformation stages in

conjunction with these measurements are needed

to ensure uniform temperature distribution. Such

procedure can only be carried out in an iterative

manner to optimize the design parameters

influencing temperature distribution.

The reheating treatment is the first stage of

thermomechanical processes for obtaining

homogeneous composition and microstructure

before starting hot rolling or hot forging. The

effect of austenizing temperature on initial

austenite grain size and the role of microalloying

elements in thermomechanical treatment of the
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microalloyed steels have been investigated in

several studies [6, 8-10]. These investigations

show that initial microstructure has a great

influence on the consequent deformation

behavior of steels. Therefore, optimization of the

HTT specimen geometry to provide

homogeneous microstructure before starting

deformation becomes a key task for an accurate

process simulation.

The influences of specimen geometry of HTT

and reheating conditions have not been

investigated systematically. In what follows, a

procedure for computer aided specimen

geometry optimization will be discussed. For this

purpose, the microstructure results for an API-

X70 microalloyed steel in conjunction with FE

thermal analyze within the HTT samples will be

presented. The proposed approach is generally

applicable to other materials and alloys for

obtaining the optimum geometry and heating

conditions before deformation. The method takes

into account microstructures affected by non

uniform temperature distribution.

2. COMPUTER AIDED GEOMETRY

OPTIMIZATION

A wide range of geometries and specimen

designs have been used in the literatures [1-7]

and there exist no standard geometry in the

literature. The geometry of the HTT specimen

used in this research is shown in Fig. 1a. 

A uniform temperature distribution within

specimen may be achieved by optimizing a

number of design parameters such as geometry of

specimen, heating/ thermal isolation of the

specimen and heating characteristics of the HTT

furnace. In this investigation, the two latter

parameters have been fixed and only the

geometry of the test piece has been considered as

the design parameter for the optimization.

For designing the HTT specimen geometry not

only the thermal-mechanical study should be

considered, but also microstructure homogeneity

is a critical factor in order to obtain reliable final

test results. In general, a sequence of thermal

analysis and microstructure investigations are

needed for the proposed “geometry optimization”

scheme. The procedure includes the following

steps:

1. Given an industrial forming process, a

temperature range has to be defined according

to the heating cycle performed on the material

before deformation

2. The heating cycle with a similar heating

cycle applied to the HTT specimen should be

used. The cycle is used to model the heating

during thermal FE solutions

3. Thermo-physical properties of the material

should be defined.

4. Based on the required strain rate in forming

process, a number of geometries have to be

proposed to allow reproducing the same strain

rate in the sample. The maximum and

minimum angular velocity that can be

accurately applied by the HTT machine

should be taking into account in geometry

designing. 

5. For the given heating cycle, thermal FE

solutions of the proposed geometries should

be used.

6. Thermo-calc for investigating significant

microstructure feature developments by

considering temperature range predicted by

the thermal simulation must be employed.

7. The history of microstructure evolution at

different points of sample within the gauge

section and interpretation of the results should

be examined.

8. The geometries with minimum temperature

gradient having the least effect on

microstructure distribution as the optimum

geometry of the samples must be selected.

2.1. Finite element model

Temperature distribution during reheating and

before hot torsion testing was predicted in this

work using the commercial FEM code

ANSYSTM. A two dimensional transient FE

analysis of heat flow was performed to study the

effect of initial heating cycle before deformation

starts. The parameters are temperatures and the

specimen dimensions shown schematically in

Fig. 1a in order to find the sensitivity of the

analysis to each dimension. The domain,

boundaries and the FE mesh used are presented in

Fig.1b where only one-quarter of a longitudinal
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section of the specimen was considered due to the

symmetry with respect to r and z axis. The

analyses were conducted using at least 400 iso-

parametric quadrilateral elements to ensure the

accuracy of the simulation. In order to minimize

the number of elements, different element sizes

were used while maintaining an elemental aspect

ratio of near one for the elements in the gauge

section and its neighboring zones (fillets).

2.1.1. Boundary conditions

The axisymmetric conditions during reheating

between the body and its environment imply that

heat flux along the boundaries S1 is zero or

insulated. The boundary S2 is directly heated by

an induction coil of 45 mm length. The heating

was controlled by a pyrometer carefully located

above the middle of the specimen gauge section.

The boundary S3 was exposed to the surrounding

environment where the energy loss occurred

through both boundary convection and radiation.

A simplified approach for radiation heat transfer

was utilized by using an equivalent convection

boundary condition in which the non-linearity

was considered through a temperature-dependent

convection coefficient. The tubular quartz

enclosure was applied to provide an inert

atmosphere close to the specimen surface. The

boundary S4 is in contact with grips of the HTT

machine. 

A range of HTT specimens with different

gauge lengths and radii were used for

optimization. They were G1(8,3.35),

G2(32,3.35), G3(42,3.35), G4(52,3.35),

G5(42,2.5) and G6(42,4.25). Where the values in

the parentheses indicate gauge lengths and radii

in mm. Specimens with long gauge length (i.e.

G3, G4, G4, G5 and G6) were chosen to obtain

strain rates less than 0.1 s-1. It should be noted

that the hot torsion test machine considered had a

minimum angular velocity of 5 rpm.

2.2. Experiment

The initial austenite grain size established at

various austenizing temperatures at different

points of specimen were identified

experimentally for API-X70 microalloyed steel

with mean chemical composition is given in

Table1. 

To study some microstructure features as a

function of the austenitisation temperature, the

thermodynamic database program Thermo-

calcTM was utilized. The combination of the finite

element results and the microstructure results

enabled us to minimize the temperature gradient

within the specimen by finding optimum

geometry and reheating conditions to obtain

homogenous initial microstructure.

A heating cycle was designed as shown in

Fig.2 for the thermal analysis of the tests. The

temperatures 740 and 860 ºC in this figure are

Ac1 and Ac3 critical temperatures of present

microalloyed steel respectively which were

determined by dilatometry test. Low heating rate

in this temperature range was considered in order

to give time for transformation of ferrite and

perlite to austenite. Furthermore, for validation of

the predicted temperature, measurement of

temperature was employed by welding the

thermocouples on the specimen surface at the

Fig. 1. a) Schematic of geometry of a solid hot torsion specimen and b) The domain and boundaries and mesh of ANSYS
modeling for heating cycle before deformation

Table 1 Chemical composition of the steel (wt. %)p ( )
C Mn Si Cu P S Nb V Ti N Fe 
0.09 1.63 0.32 0.01 0.009 0.003 0.033 0.04 0.01 0.002 Rem.
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different points. 

In order to investigate the influence of

temperature gradient, developed in the gauge

section of the samples during reheating, on

austenite grain size distribution, the samples were

austenized at 1200, 1150, 1100, 1050, and

1000°C and then quenched by helium gas with a

cooling rate of more than 100°C.s-1. Thermal

etching was performed for revealing initial

austenite grain boundaries according to reference

[11]. Austenite grain size was calculated with

mean linear intercept (or Heyn) metallographic

procedure according to ASTM E11216 [12].

3. NUMERICAL AND EXPERIMENTAL

RESULTS AND DISCUSSION

The time- temperature history of two points on

the surface at the center and the end of gauge

section for G1, G2, G3 and G4 specimens during

reheating are shown in Fig. 3. For G2 and G4 the

experimental data are also presented. The results

in this figure indicate that by increasing the gauge

length of the samples, temperatures of end

sections of the samples deviate from those of the

centre, hence from  the expected heating cycle. In

other words, by decreasing the gauge length,

more homogenous temperature was obtained

within the samples. The results shown in Fig. 3

indicate that the worst case is related to the

sample G4 having a length longer than coil length

of the furnace. It can be seen that the ends of

gauge section in samples, G3, G4 and almost G2

were not only heated up to the planned

deformation temperature but also even to the

desired reheating temperature, i.e. 1200ºC.

Consequently, a gradient of the initial austenite

Fig. 3. The time- temperature history of two points on the surface of the gauge section of G1, G2, G3 and G4 specimens

Fig. 2. The heating cycle before hot torsion test.
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grain size is predicted along the gauge section for

these cases. In addition, solubility of

microalloying elements (i.e. Ti, Nb and V) is

expected to be different at the center and ends of

the gauge because of the temperature gradient.

Good agreement is observed between model

prediction and the measured values for

temperature. The average difference between

prediction and measurement is within the

tolerance limit of 25 ºC at reheat and deformation

temperatures.

To study the austenite grain size of the steel at

deferent points of the sample which experienced

various temperature histories, grain size

measurement performed and plotted in Fig.4. The

results point out that the rate of grain growth was

slow and had a normal trend in the temperature

range of 1000-1175°C, but at temperatures higher

than 1175°C, it became rapid and abnormal. At

1200°C and higher temperatures, an easier

condition for the boundaries migration was

provided. The grain boundary migration is

known to be affected by particles, normally

microalloying precipitates, within the grain

boundaries. The higher the number of these

particles, the lower will be the boundary

migration. Therefore, at temperatures higher than

1175°C, some of the grain boundaries particles

seemed to be dissolved within the boundaries

which had a pinning effect for boundary

migration according to reference [13]. So, this

allowed the subsequent grain growth to happen.

Indeed high temperature gradient in the gauge

section of HTT samples could lead to different

initial grain size at various region of the sample.

This is significant for sample G4 as the high

temperature difference between the center and

both ends of gauge predicted, as shown in Fig.3. 

A thermodynamic software Thermo-calcTM

and its database, TCFE5, was used to predict

solubility of microalloying elements of the steel

under equilibrium conditions. Such solubility

study is necessary for studying composition

homogeneity within different geometries. Fig.5

illustrates that at temperatures higher than

1100°C, the entire amount of V in bulk (i.e. 0.04

wt. %) and nearly entire amount of Nb dissolve in

the austenite but some of the enriched Ti

precipitates are still stable. It seems reheating the

samples at temperature 1200°C led to complete

dissolution of V and Nb precipitates. One can

conclude that small amount of grain growth at the

temperatures lower than 1100°C was due to

preventing effects of Nb and Ti particles which

were still stable at this temperature. However, it

was observed that at higher temperatures, i.e.

above 1200°C where Nb precipitated completely

and some of Ti precipitates dissolved in austenite,

strong grain growth occurred. 

Based on the calculated temperature

distribution, it is expected that for the long

samples, G3 and G4, at the ends of gauge section,

solution of the chemical elements did not take

place completely as at the center of sample.

Consequently, a homogeneous composition

within specimen can not be achieved before

deformation. The significant temperature

gradient developed in long samples not only

resulted in non-uniform grain size, but also

Fig. 4. Variation of austenite grain size with austenizing
temperature

Fig. 5. Solubility of Nb, V and Ti at different temperatures
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created composition profile of microalloying

elements along the sample. As a result, more

internal variables are needed to describe

constitutive behavior of the material. A

combination of non-uniform microstructure and

localized temperature at the center makes the

material more susceptible to flow localization

during the test. Furthermore, this will introduce

serious complexity and errors in deriving the

constitutive parameters for the material.

Thermal solutions obtained by ANSYS are

shown in Fig. 6 as the contour plots of

temperature distribution for various geometries

of HTT specimens after applying heating cycle

(Fig.2) and before starting deformation at

1000ºC. The results display non uniform

temperature along the axis of the specimens. This

led to temperature gradients within the gauge part

of the specimen. It can also be observed that

specimens having longer gauge lengths, show

greater thermal gradient. A maximum

temperature difference of 160ºC between center

and both ends of the gauge section can be seen

for G4 specimen with a gauge length of 52mm. It

should be noted that in practice the length of the

induction coil of the furnace remains unchanged.

For this analysis, an induction coil of 45mm long

was assumed. Due to existence of a large air gap

between coil and gauge surface, usually

induction coil heats mostly the shoulders. The

gauge section will be heated via heat transfer

from the shoulder together with inducted heat

from the coil.

It should be mentioned, the finite element

calculations shown in Fig. 6, indicate that for the

cases investigated, temperature variations in the

radial direction were negligible (about 10ºC)

within the gauge part of all specimens. It should

also be mentioned that, because of the strain

gradient from surface to center of the specimen,

there is a gradient of heat generation in radial

direction. This causes a normal non-uniform

temperature across the cross section. However,

heat loss from center to the surface is not the

same.

Thermo-calcTM was also used to determine the

possible equilibrium precipitates over a range of

temperatures, particularly at deformation

temperature range. This prediction showed three

kinds of microalloying precipitates formed at

different temperatures for the present steel. They

were Ti, Nb and V enriched phases which most of

them are complex precipitates. These

microalloying elements react with both carbon

Fig. 6. Prediction of initial temperature distribution in G1, G2, G3, G4, G5, G6, after applying heating cycle and before

deformation at 1000ºC

Fig.7. Gibbs energy of formation of Ti, Nb and V

precipitates for X70 predicted by Thermo-calcTM
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and nitrogen to form carbides, nitrides or

carbonitrides. The Gibbs energy of formation of

these precipitates is presented in Fig.7. The

overall free energy change for precipitate

formation consists of chemical free energy

arising from the chemical super saturation of

solutes and the interfacial energy spent on

creation of the precipitate/matrix interface. It can

be observed from Fig.7 that Ti, Nb and V

enriched phases are expected to precipitate at

around 1400°C, 1100°C and 750°C respectively. 

Microchemistries of Ti, Nb and V precipitates

as a function of temperature are illustrated in Fig.

8. Figure 8-a shows that the Ti precipitate was a

carbonitride precipitate, (Ti,Nb)(C,N). As the

temperature decreased from 1400°C to 1100°C

the amount of Nb in the Ti precipitate increased

as a solid solution. When Nb precipitated at

temperature of 1100°C (Fig.7), the amount of Nb

in the (Ti,Nb)(C,N) decreased. At lower

temperatures than 900°C, Nb was replaced by V

in the lattice of Ti precipitates until the V

precipitates formed at temperature of 750°C

(Fig.7). Study of composition of Nb precipitate in

Fig.8-b shows that the precipitates exist as a

complex carbide, namely (Nb,Ti)C precipitates.

It is worth mentioning that the carbon content of

Nb precipitates was constant over the

temperature range used. In fact, the carbides and

nitrides show extensive mutual solubility and the

resulting solid solution can be described as a

carbonitride [14]. 

Composition of V precipitates in Fig.8-c

indicates that they are in form of VC. However,

at the beginning of precipitation, a little amount

of N existed in the precipitates which decreased

by decreasing temperature. At temperatures

higher than 1000°C, vanadium was completely

soluble in austenite (Fig.5), but as temperature

decreased from 1000°C to 750°C, solubility of

vanadium decreased and it diffused into the Ti

precipitates, to form complex precipitates of

(Ti,V)(C,N).

The composition of microalloying precipitates

may change over temperature range according to

the solubility of these elements in the austenite.

a)  b)

c) 
Fig. 8. Composition of a) Ti, b) Nb and c) V precipitates over temperature range predicted by Thermo-calcTM
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Considering the fact the carbides and nitrides of

Ti, Nb and V have similar FCC structures and

have very similar lattice parameters, one could

see that they may also form complex precipitates.

Such complex precipitates have been reported in

some experimental investigations [15-17].

Precipitation of microalloying elements occur

at different temperatures and the amount of their

precipitates varies over a temperature range. This

is to say that precipitation may occur

homogeneously only in the samples having short

gauge length i.e. G1 and G2. Contour plots of

temperature shown in Fig.6 can indicate

precipitates distribution. It can be observed that

the higher magnitude of differential temperature,

the less is the amount of homogeneity.

Inadequate dissolution of microalloying elements

at soaking temperature which is significant for

long samples would affect presence of present

precipitates before deformation.

The result presented indicates that assumption of

uniform temperature distribution in the gauge part

of the specimen in previous works [18-20] may not

be valid. It is well known the softening phenomena

including recovery and recrystallization during hot

deformation are influenced by microalloying

elements [2, 4, 5, 14]. They might retard softening

of material by either solute drag effect or pinning

effect. So non uniform distribution of microalloying

or precipitates along the sample could affect flow

behavior of material at different points of the sample.

As a result, the post processing of the test results

become more complicated due to occurrence of flow

localization. Therefore to trace an error encountered

at the final test result, the proposed approach is

required. 

4. CONCLUSIONS

There exists an optimum geometry for a given

experimental setup of HTT that leads to a

minimum temperature difference in the gauge

section of its specimen. The setup parameters

include size of induction coil, thermal

characteristics (conductivity, conductance,

radiation view factor etc.) of grippers, capacity of

furnace, reheating temperature. A number of FE

thermal analyses for the test were performed to

investigate the effect of geometry of the samples

for a given heating cycle. Based on the numerical

and experimental results, it can be concluded

that:

1. The specimen geometry and the reheating

cycle are the key parameters in obtaining

uniform temperature distribution before

HTT. 

2. The initial microstructure features, i.e.

initial austenite grain size and dissolution

and precipitation of microalloying elements

in the specimen, were both influenced by

temperature distribution.

3. An optimum geometry and heating cycle was

identified to minimize non homogenous initial

austenite grain sizes, dissolution and

precipitation of microalloying elements within

the specimen.

4. For the fixed setup conditions, specimens

G1 and G2 were proved to develop lowest

temperature gradient in both radial and

longitudinal directions of the gauge section. 

5. Considering many possible combinations of

the test setup, computer aided optimization of

sample geometry and post processing of HTT

is necessary for accurate results. The proposed

optimization procedure can generally be used

to predict temperature gradient along the

gauge part of the specimen and microstructure

features affected by it for other materials and

reheating scenarios. 
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