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Heat Treatment Residual Stresses 

Laboratoire de Sciences et Ge'nie des Mate'riaux Me'talliques, URA 159 du CNRS, Ecole des Mines de 
Nancy, Parc de Saurupt, 54042 Nancy cedex, France 

Abstract. The models for describing stress-phase transformation interactions (transformation 
plasticity and the effect of stress on transformation kinetics) are reviewed. It is shown that the 
macroscopic constitutive law that is generally used in the calculation of heat treatment residual 
stresses in steels allows to describe well the thermomechanical behaviour of the material in its 
transformation range. An analysis of the role of these interactions on the stresslstrain evolutions 
during the heat treatment of a piece and on the residual stress states is proposed based on numerical 
simulations. 

1. INTRODUCTION 

The heat treatment of metallic alloys generally involves thermal, metallurgical and mechanical phenomena 
and their couplings. Indeed, during a heat treatment (quenching, surface hardening, thermochemical 
treatment) the alloy undergoes temperature variations and phase transformations. The resulting changes in 
density give rise to internal stresses in the piece. Only first order stresses will be considered here. In 
addition, the phase transformation affects the temperature evolutions through transformation enthalpy and 
changes in thermophysical properties and the stresses affect the kinetics of the phase transformation. 
Moreover, the phase transformation modifies the thermomechanical behaviour of the material through 
transformation plasticity and through the change of mechanical properties. 
As heat treatment processes are difficult to control and optimize, big efforts have been made during the last 
fifteen years in order to predict the results of the heat treatment (microstructures and hardness, residual 
stresses and distorsions of the piece). The above mentioned phenomena have to be modelled and further 
introduced in mechanical calculations by finite elements. This work has been particularly developed for 
steels. 
Considering the great complexity of the metallurgical and thermomechanical behaviour of steels, it has been 
considered that the only way to achieve a quantitative prediction of internal stresses and strains in a steel 
part during heat treatment is to establish macroscopic models based on experimental data. 
The aim of this paper is firstly to review how the stress-phase transformation interactions (the effect of 
stress on transformation kinetics and the transformation plasticity phenomenon) have been modelled for the 
purpose of residual stress calculations. Then, we will analyse how these models allow to describe the 
thermomechanical behaviour of the material during phase transformation as it can be measured in a 
specimen (during a tensile test). Finally, from numerical simulations, we will analyse how the stress-phase 
transformation interactions affect the development of internal stresses and strains in a piece during heat 
treatment. 

2. MODELLING OF STRESS-PHASE TRANSFORMATION INTERACTIONS 

When phase transformation takes place under stress different effects are observed : phase transformation 
kinetics is modified (it will be called "metallurgical" interaction), a transformation plasticity deformation (or 
transformation induced plasticity) occurs (it will be called "mechanical" interaction) and the transformation 
mechanism can be modified. These effects have been reviewed for different phase transformations which 
occur in steels (diffusion dependent and martensitic ones) both from the point of view of the mechanisms 
involved, the experimental determination and the modelling [I-51. 
It should be underlined that the material in a piece undergoing a heat treatment is generally submitted to 
triaxial stress states and to small plastic strains (typically less than 1 %). Thus, in the following we shall 
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only recall the phenomena that may occur under such conditions and give a synthesis of the models used 
presently for the calculation of internal stresses. 

2.1 Metallurgical interaction 

2.1.1 Phenomena 

The present knowledge concerns essentially the effect of hydrostatic pressure or uniaxial stresses on the 
phase transformation : 
- under hydrostatic pressure, the equilibrium diagram is modified and the transformation kinetics are 
slowered. For the martensitic transformation, a decrease in Ms temperature is observed with increasing 
pressure. During the austenite decomposition, the isothermal transformation curves (IT diagrams) and the 
continuous cooling transformation curves (CCT diagrams) are shifted towards lower temperatures and 
longer times. 
- under uniaxial stresses (tension or compression), the kinetics of diffusional decomposition of austenite 
(ferritic and pearlitic transformation) are accelerated (due to an increase in nucleation rate). The same is true 
when plastic strain has occured in austenite prior to the transformation. Concerning martensitic 
transformation, for stresses lower than the yield stress of austenite, only Ms temperature increases. A 
compressive stress is less effective than a tensile stress (this behaviour is explained by the Pate1 and Cohen 
model). A plastic strain in austenite (in the range 0-5%) before martensitic transformation leads to a 
decrease in Ms temperature which is more significant as the deformation occurs at a temperature near Ms 
(this effect has to be related to strain hardening of austenite). 

2.1.2 Modelling 

Only a few models have been developed in order to take into account the effect of the stresslstrain states 
generated during cooling in a piece on the kinetics of the phase transformations [6,7, 81. 
In the calculation of internal stresses, the progress of martensitic transformation is generally described by a 
Koistinen Marburger type law : 

Ym = yy (1-exp(-k(Ms-T)) 
where ym is the volume fraction of martensite, yy the volume fraction of austenite, T the temperature and k 
a constant. 
It has been assumed, on one hand that the effect of the stresslstrain state only results in a variation in Ms 
temperature and on the other hand that alone the internal stress state affects the Ms temperature. Indeed, it 
can be estimated that an accumulated plastic strain in austenite during cooling of about 1% would lead to a 
decrease of Ms temperature of a few degrees whereas a stress state close to the yield stress of austenite can 
lead to an increase of 30°C [3]. 
In order to take into account that both shear and normal components of the stress affects Ms temperature, 

Inoue [6] proposed a model in which the change in Ms temperature is related to the mean stress Om and to 
the second invariant of the stress deviator tensor J2 : 

AMs = AOm + ~ ~ 2 1 ' ~  
A and B are material dependent coefficients that are determined experimentally [I]. 

Concerning diffusion dependent transformations, the effect of stresslstrain states on the isothermal kinetics 
has been described through a shift of the IT curves in the time scale. As before, it has been assumed that the 
effect of plastic strain is negligible when compared to the effect of the stress. Moreover, the effect of the 
mean stress can be neglected when compared to the effect of the stress deviator (at least for middle size 
pieces in which the mean stress does not exceed a few hundred MPa during quenching for example) [7]. 
Considering that the isothermal transformation is divided into an incubation period followed by the 
progression of the transformation that is described by a Johnson-Mehl-Avrami law [9], we have taken into 
account the effect of stress in the following manner [7] : 
for the incubation period : T I T ~  = q ~ ( l + D k )  with Dk = gk(oe) 
for the growth period : Yk = Ymaxk (1-exp -bk(u( l+Dk))"k) 

TIT is the isothermal incubation period (subscript o denotes "with effect of stress"), yk is the volume 
fraction of constituent k (ymaxk the maximum value), nk and bk are temperature dependent coefficients, 



t the time (t=O is the end of incubation period), Dk is the shift of IT curves, gk is an experimental function, 

Ge is the Von Mises equivalent stress. 
A different assumption has been proposed by Inoue [6] in which the shift of IT curves is only a function of 
the mean stress. 
For bainitic transformation, a model taking into account a variation of Bs temperature with the stress state 
(in the same way as for Ms temperature) and a modification of the transformation kinetics (in the same way 
as for pearlitic transformation) can be proposed [8]. 

2.2 Mechanical interaction 

2.2.1 Phenomenon 

Transformation plasticity is a deformation that appears for a transforming material under an applied stress 
even for stresses lower than the yield stress of the phases. This deformation is generally attributed to two 
basic mechanisms 
- the anisotropic plastic accommodation of the transformation strain. For transformations that occur with a 
volume change alone (ferritic and pearlitic transformation in steels for example), this mechanism is the only 
one to be considered. 
- the orientation of the product phase by the stress state. This mechanism intervenes when transformation 
strain has a shear component. 
Both mechanisms are effective for martensitic transformation in steels [5, 101. 
Most of the studies concern constant applied stresses during the transformation. They generally show a 
linear relationship between transformation plasticity and the applied stress for stresses lower than the yield 
stress of the parent phase and for a fully transformed specimen. The variation of transformation plasticity 
with the progress of transformation has been found as linear for pearlitic and ferritic transformations of 
steels [I 1,121. For martensitic transformation, this variation is generally found to be nonlinear with a high 
slope at the very beginning of the transformation due to the orientation effect (mechanism 2) and to plastic 
accommodation (mechanism 1) and a decrease of this slope as the orientation effect decreases [5, 101. 
Moreover, the nonlinear relationship between transformation plasticity and the applied stress at given 
martensite contents has been clearly analysed [5]. The behaviour during bainitic transformation is found 
similar to the one during martensitic transformation as shown in some recent studies [13, 141. 

2.2.2 Modelling 

In the past, different models have been developed for describing transformation plasticity.They were based 
on either one or the other above mentioned mechanisms. A review can be found in [4]. More recently, 
micromechanical approaches in which both mechanisms are considered for martensitic transformation have 
been developed [15-181. 
For the purpose of calculating internal stresses during heat treatment, mainly a phenomenological approach 
has been used in which the evolution law for transformation plasticity has been written from experiments. 
Under uniaxial stresses (tension or compression) transformation plasticity strain has been assumed of the 
form : 

where constant K and function fk are both determined experimentally. 
For triaxial stress states, it has been assumed that the same relations hold for transformation plasticity 
strains as for classical plastic strains (Von Mises associated flow rule) i.e. the transformation plasticity 
strain rate is proportional to the stress deviator [19, 201. But since transformation plasticity appears as soon 
as transformation starts even though the stress is very small, it has been supposed that no yield criterion 
needs to be verified. The following expression [20] is now used by many authors : 

sij are the components of the stress deviator tensor. 
(Let us point out that the progress of transformation yk has to be considered stress state dependent (see 
2.1.2)). 
As an alternative, Hamata et al. [21] proposed to use a power law of the stress in the expression of E ~ P  and 
derived a transformation "viscoplasticity" strain by using an analogy with the theory of viscoplasticity. 
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More recently, Videau et a1 [22] obtained an expression of transformation plasticity by using also 
viscoplasticity theory. The authors introduce strain hardening effects and propose a proportionality of the 
transformation plasticity strain with an effective stress i.e. (sij - Xij) where Xij represents an "internal" 
stress (it is analogous to the introduction of a back stress in classical plasticity). 
It must be underlined that all these expressions are supposed to be valid for the different transformations 
occuring during a heat treatment (diffusion dependent and martensitic ones) whatever the mechanisms 
involved. 
It has to be mentioned that Leblond [23] has brought a theoritical justification for proportionality between 
transformation plasticity and stress deviator (or effective stress by considering kinematic hardening) by 
developing a model of the thermomechanical behaviour of a two phase transforming material. The author 
considers only mechanism 1 (plastic accommodation) to be at the origin of transformation plasticity and 
only the volume change associated with the transformation. In this model, explicit formula are obtained for 
constant K and function f. This model takes also into account a deviation from linearity for high applied 
stresses. In a later work, Fischer [24] formulated also the transformation plasticity strain as linearly related 
to the stress deviator for a martensitic transformation by considering only mechanism 1 (plastic 
accomodation of the volumic variation and the shear). 
A micromechanical approach by finite elements for a transformation without shear [25] let also conclude 
that transformation plasticity can be considered as an additional strain in the macroscopic constitutive law of 
the material. The transformation plasticity strain was found to depend linearly on the macroscopic stress 
deviator (for constant or linearly increasing and decreasing applied stresses and not too small transformed 
fractions). 
For martensitic transformation, first results obtained by a micromechanical model that takes into account 
both mechanisms but also formation of self accommodating plates [17], seems to show a similar 
relationship (under a constant non uniaxial loading). 
In addition, recent experiments under multiaxial loadings [26] may bring some new elements to that 
discussion. 

3. THERMOMECHANICAL BEHAVIOUR LAW OF THE MATERIAL 

The modelling of the thermomechanical behaviour of a material that undergoes a phase transformation can 
be considered in three aspects : 
- a metallurgical aspect : the microstructural evolutions of the material for the different thermal histories to 
which it will be submitted must be described 
- a mechanical aspect : the elastic and plastic (or viscoplastic) behaviour of the multiphase material must be 
known at the different temperatures 
- the interactions between stresses/strains and phase transformations must be taken into account. 
These last years, different models for calculating the kinetics of phase transformations in steels during 
continuous cooling and heating have been developed [9, 20, 27-33] and associated with the 
thermomechanical behaviour law of the material in order to predict heat treatment residual stresses. 
In the following we will only describe briefly the constitutive equation that is the most commonly used. 
Details on the formulations can be found in the references. 

3.1 Modelling 

The macroscopic constitutive equation that governs the behaviour of a material undergoing a phase 
transformation is generally written by assuming that the total strain rate is an addition of different 
contributions: 

i i je  is the elastic strain rate which is related to the stress rate by Hooke's law. Young's modulus and 
Poisson's ratio have to be taken temperature dependent and microstructure dependent. (Here, 
"microstructure" means "volume fractions of the different phases"). 
Cijth is the thermal strain rate that takes into account the thermal expansion coefficients of the different 
phases and their dependence on temperature. 
Lijt' is the strain due to the volume change associated with the different phase transformations. 
6ijtP is the trasformation plasticity strain rate 

tijin is the inelastic strain rate : 



- either the plastic strain rate when no viscous effects are considered. It is calculated using the classical 
theory of plasticity with the associated hardening rules (isotropic andlor kinematic) [6, 20, 27, 34, 401 or 
obtained from a micro-macro approach [23,35] 
- or the viscoplastic strain rate [21,22,36-391. 
All material parameters (yield stress, hardening parameters, strain rate sensitivity ...) are to be considered as 
temperature and microstucture dependent. Mixture rules are generally assumed. 

In addition, it should be mentioned that to take into account hardening is quite complex if a phase 
transformation occurs. Models have been proposed in order to take into account some possible "recovery" 
of strain hardening during a phase transformation, i.e.the fact that the newly formed phase remembers only 
part or even nothing of the previous hardening [22,23,34]. 

3.2 Application to a tensile test during phase transformation 

The above described material behaviour law has been incorporated in various finite element programmes in 
order to calculate the internal stresses and strains during the heat treatment of a steel part. Eventhough 
numerous studies have dealt with the experimental validation of such calculations on heat treated parts, the 
ability of this type of law to represent the thermomechanical behaviour of a specimen in a much simpler 
case (for instance a tensile test) has been rarely analysed [41,42]. This approach will be further illustrated 
in the following. 
Figure 1 shows the mechanical behaviour of a Fe-0.2%C alloy measured during cooling (the cooling rate is 
constant 0.5"C/s) and during tensile tests performed at various deformation rates [41]. During cooling, the 
flow stress of austenite increases as temperature decreases. From 770°C softening appears in two domains 
that correspond to the austenite-ferrite and austenite-pearlite transformations. Softening is quite dependent 
on deformation rates. The behaviour in the transformation range has been explained by analysing the 
possible origins of the softening and by quantifying them mainly : 
- the variation of the mechanical properties (ferrite has a lower flow stress than austenite in the studied 
temperature range) 
- the volume change associated with the transformation 
- the transformation plasticity deformation 
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For example, calculated results (here with an analytical model [41]) show clearly (figure 2) that for a small 
deformation rate, transformation plasticity is the main contribution to the softening of the alloy. In fact, it 
has been shown that the amplitude of softening depends largely on the ratio between deformation rate and 
transformation rate. For a same transformation rate, a small deformation rate will lead to a large softening; 
at the opposite, a large deformation rate will limit the softening and may even lead to hardening of the phase 
mixture. A more thorough analysis of these results can be found in [41]. 

More recently, a similar study has been performed for a low alloyed steel focusing on the bainitic 
tranformation [14]. As previously, the mechanical behaviour of the individual phases has been determined 
by tensile tests at different temperatures. In addition, the behaviour has been measured either during 
isothermal transformation or continuous cooling transformation. These results have been compared to 
calculated ones using different models. Figure 3 shows a tensile test during continuous cooling at constant 
deformation rate. The experimental curve shows two domains in which some softening appears. They are 
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correlated to the transformation austenite-ferrite (that starts at 48s) and to the transformation 
bainite (at 100s). The martensitic transformation (at 160s) does not lead to stress relaxation. 

- Z 

0 50 100 150 200 
TlME (s) 

Figure 3: Stress variations versus time and phase transformation kinetics during continuous cooling 
- Experimentt Calculation (with the finite element software described in [43]) 

austenite- 

The calculated curve has been obtained using a thermoelastoplastic behaviour law of the material with 
isotropic hardening and "loss of memory" during phase transformation [43]. The calculation describes very 
well the behaviour of austenite and shows well the stress relaxations in the transformation domains. 
Nevertheless, these stress relaxations are overestimated. Moreover, the stress level reached by the mixture 
austenite+ferrite is underestimated by the calculation. 
A calculation has also been performed with the behaviour law proposed by Leblond [23]. The result is 
given on figure 4. Although this model gives a similar description of the material behaviour in the austenitic 
domain and during the austenite-ferrite transformation as the previous one, it does not show a stress 
relaxation associated with the bainitic transformation. 
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Figure 4: Stress variations versus time and phase transformation kinetics during continuous cooling 
- Experiment + Calculation (with the finite element code SYSWELD [44]) 

Although the complete analysis of all the results cannot be given here, our results have shown that the used 
macroscopic constitutive law allows a correct qualitative description of the material behaviour. 
Nevertheless, an accurate quantitative description is much more difficult to achieve because it depends 
highly on the accuracy of the input data, essentially the kinetics of the transformations and the mechanical 
properties of the individual phases (that are temperature dependent but also morphology dependent [41]). 

4. CALCULATION OF HEAT TREATMENT INTERNAL STRESSES 

The calculation of heat treatment internal stresses includes the calculation of the temperature distributions in 
the piece during the treatment (solution of the heat equation) coupled with the calculation of the 
microstructural evolutions followed by the solution of the mechanical problem (equilibrium of stresses, 
compatibility of strains with suitable boundary conditions) by the finite element method. In some cases, the 
coupling between stress/ strain and microstructural evolutions is also taken into account. 
In addition, all the input data concerning both the material behaviour (transformation kinetics, 
thermophysical properties, mechanical properties ...) and the heat treatment process (heat flux densities ...) 



have to be determined. Many authors have developed such an approach. The aim was on one hand to 
understand better the development of internal stresses all along the treatment and on the other hand to 
validate experimentally the results of the calculation (mainly by comparing calculated and measured residual 
stress profiles). Hereafter, we will try to give some general ideas on the role of stress-phase transformation 
interactions in the prediction of residual stresses and illustrate them by examples. 

4.1 Effect of the mechanical interaction 

The most thorough analyses of the role of transformation plasticity on the development of internal stresses 
have been performed about ten years ago [34,40,45-491. Some more recent studies can also be mentioned 
[50,5 11. The main points are reported below [3]. 

4.1.1 ESfect on the stresdstrain evolutions 

During a heat treatment stresses arise due to the thermal gradients generated in the piece during cooling 
(case of quenching) or during heating and cooling (case of surface heat treatment) and to the phase 
transformations that occur at the different locations in the piece. Chemical gradients of the piece (as the ones 
generated during thermochemical treatments) will also intervene. 
The stress evolution at a given location in the piece can generally be decomposed in periods where the 
material is loaded either in tension or in compression and periods where unloading occurs. Particularly as a 
phase transformation occurs, the associated volume change induces unloading. During loading, the stresses 
are generally high enough to produce plastic strains. 
For example, figure 5 shows the calculated stress (5a) and plastic strain (5b) evolutions of a cylinder during 
martensitic quenching in cold water. In the first stage of cooling, the surface is under tension ( the center in 
compression) due to the thermal gradients alone and plastic strains occur in austenite. As martensitic 
transformation takes place at the surface (at Ms) immediately unloading occurs due to the volume increase. 
Transformation plasticity strains accompany the transformation. New plastic strains only occur as the 
material is submitted to high compressive stresses. In a last stage, the surface is unloaded. While the 
transformation progresses in the surface area, the center undergoes firstly unloading in compression. 
During the further loading in tension, plastic strains are generated; a last stage of unloading due to the 
martensitic transformation in the center can be observed. 
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Figure 5: Quenching of a 60NCD11 steel cylinder (35mm in diameter) in cold water. 
a.Calculated axial stress evolutions over time at the surface and In the center. ///IN/ Domains where plastic strains occur 
b. Evolutions of the equivalent plastic strain (ceP) and equivalent transformation plasticity strain (eetP) versus time. 
(eeP=Jdeep, d~~P=(2/3d&ijPdeijP)~/~ and E ~ ' P = J ~ & ~ ~ P ,  d ~ ~ ~ ~ = ( 2 / 3 d ~ ~ ~ ~ ~ d ~ ~ ~ ~ p ) ~ ~ ~ )  [471 

In order to highlight the effect of the transformation plasticity strain, comparisons have been made between 
calculated results obtained either by taking it into account or not. The analysis showed that : 
- as the material is in an elastic regime as transformation occurs, transformation plasticity acts as an 
additional strain and Leads to stress relaxation 
- as the material deforms plastically, either transformation plasticity (whose amplitude is transformation rate 
and stress dependent) is sufficient to accommodate the deformations of the material (no additional plastic 
strain is necessary) and stress relaxation generally occurs; if transformation plasticity is not sufficient 
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further plastic strain is necessary and no stress relaxation occurs. (The stress follows the evolution of the 
flow stress of the material). 
This behaviour is illustrated in figure 6 that shows the "loading paths" (at the surface of a cylinder) during 
martensitic quenching (same case as in figure 5). This kind of representation 13, 451 shows clearly the 
influence of transformation plasticity both on the stress and strain states. For the calculation that includes 
transformation plasticity, as the martensitic transformation starts at the surface (at 247"C), the material is 
unloaded: the equivalent total strain becomes higher and the stress changes quicker from tension to 
compression. As the transformation progresses (at the surface but also in the inside of the piece) stress 
relaxation occurs until1 172°C (the equivalent stress remains lower than the flow stress of the material). 
Between 172°C and 140°C, both transformation plasticity strains (whose amplitude decreases due to the 
decrease in transformation rate) and classical plastic strains occur; the equivalent stress is equal to the flow 
stress. The unloading between 140°C and room temperature is due to the martensitic transformation in the 
inside of the piece. 

500 - 

0.5 0 J.5 1 1.5 

&et (%) 

Figure 6: Quenching in cold water of a 60NCD11 steel cylinder (35mm in diameter) 131 
Calculated "loading path" at the surface. - without transformation plasticity - - - - - with transformation plasticity 
(E,~= (213 d&ijtd~ijt)112 is the equivalent total strain, oe is the equivalent stress) 

4.1.2 Effect on residual stress states 

Whereas the introduction of transformation plasticity will always modify the stress and strain states during 
the phase transformation, its effect on the residual stress states will be more or less significant depending 
on each particular case. Indeed, the residual stress states in a piece depend highly on the irreversible strains 
(plastic strains and transformation plasticity strains) that are generated all along the treatment. Particularly, 
the relative amplitudes of the irreversible strains that are generated as the material is in tension or in 
compression are determinant. 

For surface heat treatments (like induction or laser hardening) in which only the surface area undergoes a 
martensitic transformation during cooling, transformation plasticity generally induces stress relaxations 
during the whole transformation process. Transformation plasticity is able to accommodate alone the 
deformations of the material. Finally it leads to much lower compressive residual stresses in the hardened 
zone. 
For example, figure 7 shows the transverse stress evolution during heating and cooling at the surface of a 
laser hardened plate (7a) and the corresponding residual stress distribution (7b) : the stress relaxation effect 
due to transformation plasticity during martensitic transformation appears clearly. Moreover, a good 
agreement between calculated results (including transformation plasticity) and residual stress measurements 
was found in the hardened zone [52]. Similar results have been reported in literature either for laser 
hardening [53,54] or induction hardening [55]. 
The above analysis holds also in the case of thermochemical treatments that involve quenching after the 
diffusion treatment. Results obtained [56] for a case hardening treatment (figure 8) showed that the 
inclusion of transformation plasticity is of great importance for the prediction of the residual stress levels. 
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Figure 7 :  Laser surface hardening of a 0.42%C steel plate [52] 
a. Calculated stress evolutions at the surface in the middle of the laser track 
b. Residual stress distributions versus depth in the middle of the laser track 
- without transformation plasticity - - - - - with transformation plasticity 
(the transverse stress is the stress perpendicular to the Iaser beam displacement) 

plasticity 

Figure 8: Carburizing and quenching in oil of a SIS2511 steel cylinder [56] 
Calculated residual stress distributions 

If we consider now quenching, we can find a number of results in literature where the authors have 
compared residual stress profiles that are obtained either by taking transformation plasticity into account or 
not. Most of these results concern martensitic quenching. The analysis can be the following [3]: 
- firstly, if we consider the most simple case of quenching of a material in which no phase transformation 
occurs, only thermal stresses (due to thermal gradients) are generated and the residual stress profiles are 
generally characterized by compressive stresses at the surface and tensile stresses in the center (we consider 
here only simple shaped pieces like cylinders or plates). 
- Secondly, if in addition the material undergoes martensitic transformation, the residual stress profile will 
tend to invert : surface stresses wilI tend to go to tension and the stress state in the center will tend to 
become compressive. This analysis was proposed very early in the qualitative approach by Rose et al. [57]. 
From the numerical approaches, it came out that these tendencies are highly dependent on the irreversible 
strain histories i.e. on the temperature evolutions in the piece (depending on the quenching medium, on the 
size of the piece) and on the nature of the steel (Ms temperature, mechanical properties for instance). 
- Third, by the introduction of transformation plasticity strains the above mentioned tendencies will be 
enhanced. The enhancement will generally be larger when no classical plastic strains are generated at the 
location where transformation takes place. 

As an illustration, figure 9 gives the calculated residual stress profiles for martensitic quenching in cold 
water of a steel cylinder (same case as in figure 5 ). By taking into account only the volume change and the 
variations of mechanical properties due to the transformation (full line) the residual stress levels are small. 
When transformation plasticity is included, the residual stress profile gains a more typical shape (tensile 
stresses in the surface area, compressive stresses in the center). Another example is the quenching in oil of 
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a steel plate [45] (figure 10). Here, the inclusion of transformation plasticity leads to a complete inversion 
of the residual stress profile. 
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Figure 9: Quenching in cold water of a 60NCD11 steel cylinder (35mm in diameter) [3] 
Residual stress distributions 
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Figure 10: Oil quenching of a 835M30 steel plate (thickness 15mm) [45] 
Residual stress distributions a. - without transformation plasticity b . 0 ~ -  with transformation plasticity 

Only few results exist concerning the effect of transformation plasticity when the heat treatment involves 
high temperature transformations. Figure1 1 illustrates this effect in the case of pearlitic "quenching" of a 
cylinder [43]. The small plastic strains that develop during cooling, as the steel is austenitic, lead to a 
residual stress profile with small compressive stresses at the surface (full line). Transformation plasticity 
brings an additional irreversible strain and leads to the inversion of the residual stress profile (dotted line). 
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Finally it should be mentioned that in welding processes of steels the phenomena occuring in the heat 
affected zone are the same as during a heat treatment. Thus, transformation plasticity will affect the 
stresslstrain evolutions during cooling and have an effect on the residual stress distributions that depends 
on the analysed conditions [58-601. 

4.1.3 Effect on distortions 

Of course, the final mechanical state of a piece after heat treatment is not only characterized by residual 
stress distributions but also deformations of the piece. The effect of transformation plasticity on the 
distortions of a heat treated piece has been less studied [45,48,51, 611. Again, the more or less important 
effect of transformation plasticity on distortions will depend on each particular heat treatment process. 
For martensitic quenching of cylinders it has been shown [48] that the inclusion of transformation pIasticity 
enhances a concave-type deformation of the cylinder. It should be recalled that thermal stresses only would 
lead to a convex-type deformation and that the occurence of martensitic transformation will tend to give a 
concave type deformation of the cylinder [62]). More recently, for quenching of steel bars, only slight 
differences have been observed when the distortion is calculated with the transformation plasticity strain 
considered both for martensitic quenching and for quenching involving various transformations during 
cooling as shown in figure 12 [51]. 

From all these results, it is now well admitted that any residual stress analysis for materials that undergo 
phase transformations must include transformation plasticity. 
In most of the studies the agreement with experimental results was found to be more satisfactory if 
considering transformation plasticity. Nevertheless some authors [46, 481 concluded on better simulation 
results in comparison with experiments (for martensitic quenching) by limiting the amplitude of 
transformation plasticity considered in the model It should also be mentioned that only few results have 
been reported on complex shaped pieces [61,63-651. 
From our point of view, the discussion on the possible reasons of discrepancies between calculated results 
and experimental ones is difficult : the calculated results depend on one hand on the material behaviour 
model and the associated input data and on the other hand on the process parameters. To obtain the data on 
the thermomechanical behaviour of the material is a hard experimental work and some data have to be 
extrapolated (for example from high temperature variations to lower temperatures). Moreover, the 
modelling of the process is complex, particularly the quenching process due to the heat transfer 
mechanisms that are difficult to control. This problem becomes even more acute for industrial pieces. 

4.2 Effect of the metallurgical interaction 

Very few results have been obtained by taking into account in the model the coupling between the internal 
stress states generated in a piece during heat treatment and the transformation kinetics [6, 431. This 
coupling will, of course, affect the transformation kinetics at the different locations in the piece and 
consequently the temperature evolutions (through the latent heat associated with the transformation) and the 
stresslstrain evolutions. The residual stress state may be also affected. 

4.2.1 Effect on transformation kinetics 

If we refer to the models (2.1.2), the effect of the stresses on the transformation kinetics will depend on 
the type of transformation and on the stress state in the piece, at the location where the transformation 
occurs. 
Concerning martensitic transformation, we expect that the transformation in the piece starts earlier during 
cooling when the material is submitted to tensile stresses (Ms temperature is increased) or starts later if 
compressive stresses with a relatively large hydrostatic component are present. For middle size pieces, 
generally an increase in Ms temperature has been calculated. During further cooling, the progress of the 
transformation is slowered due to the mechanical unloading of the material that is concomitant with the 
transformation (the mechanical driving force for the transformation decreases). For example, figure 13 
shows the evolution of the volume fraction of martensite versus temperature in a quenched cylinder (case of 
figure 5) .  The effect of the internal stresses appears in the first stages of transformation (until 25% 
martensite formed). It is more pronounced in the center of the piece due to a higher contribution of the 
hydrostatic (tensile) stress. These modifications in the transformation progress have a negligible effect on 
the temperature evolutions in the piece. 
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Figure 13: Quenching in cold water of a 60NCDll steel cylinder (35mm in diameter) [I ,  31 
Calculated progress of martensitic transformation versus temperature ---- without effect of internal stresses 
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For diffusion dependent transformations, the transformation kinetics are generally accelerated. In the 
example of the cooling down of a cylinder in which only a pearlitic transformation occurs (figure 14) a 
shortening of the incubation period and an increase in transfonnation rate is clearly observed at the surface 
when the metallurgical interaction is included (14a). These effects are much smaller in the center due to a 
lower level of the stress as the transformation starts. Due to these kinetics changes the temperature 
evolutions in the piece are highly modified. Particularly, the recalescence starts earlier and has a lower 
amplitude (figure 14b). A more thorough analysis of these results and a discussion of the proposed model 
(2.1.2) can be found in [7 ] .  

TIME (s) TIME (s) 

Figure 14: Cooling down (14OCis) of an eutectoid carbon steel cylinder (13mm diameter) [43]. 
Calculated cooling curves (a) and pearlitic transformation kinetics (b) 
- without effect of internal stresses - - - - with effect of internal stresses 

The effect of stresses on transfonnation kinetics may have important practical consequences : 
- the hardness distributions in the piece can be modified. Figure1 5 shows a comparison between calculated 
hardness profiles after pearlitic quenching considering or excluding the metallurgical interaction. 
- When a fully pearlitic microstructure is looked for (for example in steel wires), generally a low 
interlamellar spacing i.e. low transformation temperature must be obtained. The numerical simulations 
allowed to show that as soon as the thermal gradients become high, the increase in the cooling rate is less 
efficient in order to decrease the transformation start temperature. The transformation start temperature 
increases with the diameter of the wire for a given cooling rate (due to higher internal stresses) as can be 
seen on figure 16. 
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Figure 15: Quenching (in a polymer solution) of an eutectoid Figure 16: Calculated transformation start temperature 
carbon steel cylinder (30 mm diameter) [66] as a function of cooling rate and wire diameter [67] 
Hardness distributions w i t h o u t  effect of internal stresses A without effect of internal stresses 

--.. with effect of internal stresses B-E with effect of internal stresses 

4.2.2 Eflect on stress/strain evolutions and on residual stresses 

As the deformations of the material during a heat treatment are highly dependent on transformation rate, we 
expect that the changes in transformation kinetics described above will affect the stresslstrain evolutions : 
- For martensitic quenching, the main effect is a shift (in the time scale) of the stress evolutions (shown in 
figure 5) due to the increase in Ms temperature. For the same reason, a small shift (in deformation scale) of 
the loading path (figure 6) has been observed [3]. The consequences on the residual stress distributions are 
relatively small (figure 17). 
- For pearlitic "quenching", the acceleration of transformation kinetics resulted in an enhancement of the 
variations that were already depicted by the introduction of transformation plasticity. Thus, the calculated 
residual stress profile (figure 18) shows higher tensile stresses at the surface and higher compressive 
stresses in the center due to higher amplitudes of transformation plasticity strains [43]. 
Results on quenching of a carbon steel cylinder [6] seems showing the same tendency (figure 19). (Note 
that no transformation plasticity was included in these calculations). 
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Figure 17: Quenching in cold water of a 60NCDl 1 steel Figure 18: Cooling down (14"CIs) of an eutectoid carbon 
cylinder (35mm diameter) [1,3] steel cylinder (13mm diameter) [43] 
Calculated radial residual stress profiles Calculated radial residual stress profiles 

. - -. - - - without effect of internal stresses on transformation kinetics 
- with effect of internal stresses on transformation kinetics 

From these results (unfortunately very few), it is difficult to put a final statement on the importance of the 
metallurgical interaction in the prediction of heat treatment residual stresses. 
It seems that in most cases of quenching, the metallurgical interaction does not influence significantly the 
residual stress states, even if it affects locally the stress evolution. Nevertheless, in some specific cases 
(where high temperature transformations occur) a more significant effect has been evidenced, that cannot be 
neglected (particularly on the transformation kinetics). This has been confirmed more recently by residual 
stress and distorsion calculations performed for more complex shaped pieces 164, 651. 
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5. CONCLUSIONS 

The macroscopical behaviour law of a material undergoing phase transformations has been recalled. 
Particularly, the modelling of the stress - phase transformation interactions (transformation plasticity and 
the effect of internal stresses on transformation kinetics) has been described. 
The main conclusions are: 
- the macroscopical approach that is the most commonly used for calculating heat treatment stresses and 
strains and that considers transformation plasticity as an additional deformation in the behaviour law of the 
material allows to describe the mechanical behaviour of a specimen for different types of transformations 
(ferritic, pearlitic, bainitic, martensitic) in anisothermal conditions. 
- The effect of stress - phase transformation interactions on the residual stress distributions and on the 
distortions can generally not be forecasted B priori as they depend highly on the local stress states in the 
piece when transformation occurs. Thus, coupled temperature-phase transformation-stresslstrain 
calculations have to be performed. It is the only way to analyse the influence of the material behaviour on 
the result of the treatment, for given heat treatment conditions, and eventually to neglect some minor effects 
for a given application. 
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