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Internal stresses due to anisotropic thermal and plastic properties were investigated in rolled
a-titanium. The thermal stresses induced by a cooling process were predicted using a self-consis-
tent model and compared with experimental results obtained by X-ray diffraction. A study of the
elastoplastic response after uniaxial loading was performed along the rolling and the transverse
direction of the sheet. Using an elastoplastic self-consistent model, the predicted results were com-
pared with X-ray diffraction and mechanical tests. Theoretical and experimental results agree in
their tendencies. The comparison between efy versus sin2 y and simulations confirms that pris-
matic slip is the main active deformation mode.

1. Introduction

Titanium has a low density, a high resistance to corrosion, and a high strength-to-den-
sity ratio as well as other attractive mechanical properties. These properties have in-
creased its use for chemical plant construction as well as in aerospace technology. Tita-
nium alloys (a-phase) have a hexagonal close packed (hcp) structure at room
temperature. Like most hcp metals, they are anisotropic in their properties at meso-
scopic (grain) and macroscopic levels [1, 2]. When the material is subjected to thermo-
mechanical treatments, these properties and the crystallographic texture explain the
appearance and the development of residual stresses that may be significant. It is essen-
tial to understand the mechanisms responsible for the creation and evolution of internal
stresses because their influence on the mechanical performance of the material is gener-
ally important. The purpose of the present work is to combine experimental observa-
tions (X-ray diffraction, tensile tests) with the predictions of a self-consistent elastoplas-
tic model in order to obtain more information about the different factors responsible
for the appearance of residual elastic mesostrains. This comparison allows a better un-
derstanding and interpretation of X-ray diffraction and mechanical results. X-ray dif-
fraction is one of the most often used techniques to characterise the mechanical state at
the mesoscopic level of polycrystalline materials.

1



In a previous paper [3], we have presented a study concerning the development and
the evolution of residual stresses introduced by tensile tests in rolled textured polycrys-
talline a-Zr702 after a cooling process. It is interesting to extend this investigation to a
rolled hexagonal material with c/a close to the zirconium value (1.5873), a-Ti40. It re-
sembles zirconium in its chemical and physical properties. A self-consistent model of
elastoplastic deformation was used to simulate the thermal and the tensile response of
samples tested along the rolling and the transverse directions (RD and TD) of the
sheet. Contrary to zirconium alloys, titanium is characterized by a low thermal anisotro-
py [4]. It seems interesting to quantify precisely the level and the influence of the ther-
mal stresses on the macroscopic behaviour and to compare with zirconium. The prob-
lem of stress-free lattice parameter determination is also analysed using the self-
consistent model and experimental results obtained by X-ray diffraction. In this study,
we attempt to understand the evolution of the mechanical residual stresses in textured
titanium alloys when an elastoplastic deformation is introduced. The problem is studied
using an elastoplastic self-consistent model. Predicted results for internal stresses intro-
duced by tensile tests are compared with experimental data provided by X-ray diffrac-
tion experiments.

2. Experimental Procedure

The investigated material is commercially pure a-titanium (Ti40). Its chemical composi-
tion is (wt%-balance ¼ Ti) C (0.07), N (0.008), O (0.12), and H (0.0013). The metallo-
graphic characterisation of the annealed material revealed an average grain size of ap-
proximately 40 mm.

2.1 Mechanical testing

To analyse the influence of loading direction and texture on the mechanical response of
the material, samples of dimensions 2 � 1.5 � 43.4 mm3 were cut from the rolling and
the transverse directions of the sheet. The specimens were submitted to uniaxial tensile

Fig. 1. Experimental and calculated stress–strain curves for a tensile test in the rolling and trans-
verse directions of the sample
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tests at room temperature, at a constant strain rate of 3.8 � 10––3 s––1 up to strains 1%,
2%, and 4% in the two loading directions. The tensile loading curves are depicted in
Fig. 1.

2.2 Stress measurements by the X-ray diffraction technique

The experiments were carried out in two stages:
– Characterization of internal stresses due to the thermal anisotropy in an unde-

formed sample after a thermal treatment at 650 �C for 4.5 h.
– Determination of the evolution of internal stresses due to the plastic anisotropy in

deformed samples after uniaxial loading both along rolling and transverse directions.
These experiments were carried out on a D500 Siemens goniometer with Cu-Ka ra-

diation. An W goniometric assembly with a scintillation detector was used. Two plane
families were studied, {21�333} at 2q ¼ 139.731� and {30�332} at 2q ¼ 148.751�. Diffracto-
grams were recorded for fifteen tilt angles y varying between �45� and 45� and for
azimuth angles f ¼ 0�, 45�, and 90�. The direction f ¼ 0� corresponds to the tensile
direction. The X-ray beam output collimator has 0.5 mm diameter and a diffracted-
beam slit limits the equatorial divergence to 0.6�. The peak position is determined by
the half value breadth. The stress is obtained from the sin2 y relation using the macro-
scopic elasticity constants. Because of the low mesoscopic elastic anisotropy (single crys-
tal level), efy versus sin2 y curves for a given family of diffracting planes {hkil} can be
represented by straight lines. In this case, the X-ray elasticity constants (XEC) can be
treated as those corresponding to an isotropic material. Texture analysis shows a high
density of basal poles around the normal direction (ND), and prismatic poles are uni-
formly spread in the RD–TD and RD–ND planes. The initial texture is shown in
Fig. 2.
To check stress homogeneity in the depth of the sample, the specimens were electro-

chemically polished. Electro-polishing was carried out at 298 K under a voltage of 33 V
in a 10% perchloric acid and 90% acetic acid solution. Stress measurements by X-ray
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Fig. 2. (online colour) Experimental texture of rolled Ti40, f0002g and f10�110g pole figures
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diffraction were made at different depths with samples deformed along the RD at 1%
and 2% total strain. The experimental data from the mechanical tests and X-ray diffrac-
tion are presented and compared with the results from our model in Section 4.

3. Self-Consistent Modeling

We assume that thermal contractions do not introduce plastic deformation in the mate-
rial during the cooling process [4]. In this case, a thermoelastic formulation is sufficient
to simulate the evolution of thermal stresses associated with cooling. An elastoplastic
self-consistent scheme was then used to predict the mechanical behaviour of titanium
polycrystal under an uniaxial tension.
The model used for our simulations was presented in a previous paper [3]. More

details can be found in references [5–8]. The self consistent model is based on the
following assumptions:
– Each grain is considered as a spherical inclusion embedded in a homogeneous

effective medium (HEM) having the average properties of the aggregate.
– The mesoscopic stress s and the mesoscopic strain e in the inclusion are homoge-

neous.
– The overall response of the material is determined by averaging the microscopic

terms (s, e) over a representative set of orientations.
– The macroscopic stress S and macroscopic strain E are considered as uniform. The

properties of the medium are initially undetermined and are solved by iterations. Each
grain is treated as an inhomogeneity with elastic (c) and thermal (a) constants, slip and
twin mechanisms characteristic of a single crystal.
– The texture is known, the polycrystal is represented by a weighted discrete distribu-

tion of orientations (Euler angles (j1jj2)). Lattice rotation (reorientation by slip and
twinning) and texture changes are incorporated in the model. However, as could be
expected for such small strain (<5%), the effect of texture change is negligible.

3.1 Thermal residual stresses

The thermal strains due to cooling from annealing temperature to room temperature
are calculated with the thermoelastic model. It was assumed that the polycrystal is
stress-free at 923 K. The crystallographic orientation distribution function of the sample
was calculated from the pole figures of the sample. A set of 1000 orientations was
taken randomly and each orientation was given a volume fraction according to the
texture function. The thermal and elastic properties of single-crystal titanium are listed
in Table 1. The thermal strains due to a temperature variation from 923–298 K are
calculated.
The thermal and elastic coefficients depend on temperature. The variation of cij and

aij with temperature was taken into account in the model through the measured values

Tab l e 1
Thermal expansion coefficients (in 10––6 K––1) [4] and elastic constants (in GPa) [11] at
single crystal level and at room temperature. Here x3 is parallel to the c-axis

a11 (= a22) a33 c11 c33 c44 c12 c13

9.9 12.0 162.4 180.7 46.7 92.0 69.0
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of Fisher and Renken [9] (elasticity) and Wasilewski [10] (thermal). They can be de-
scribed by polynomial relations,

cij ¼ cð0Þij þ cð1Þij T þ cð2Þij T2 þ cð3Þij T3; ð1Þ

ai ¼ a
ð0Þ
i þ a

ð1Þ
i T þ a

ð2Þ
i T2 :

The calculated coefficients cðnÞij and a
ðnÞ
i are listed, respectively, in Tables 2 and 3.

3.2 Mechanical residual stresses

An incremental elastoplastic self-consistent scheme was used to simulate the mechani-
cal loading. At each strain increment, the non-linear behaviour is approximated by the
tangent behaviour. The stress and strain rates, _ss and _ee, of each grain are linearly linked
by an elastoplastic tensor l. This tensor accounts for the plastic and elastic anisotropy of
the grains and the hardening effects of the deformation systems during plasticity. The
tensor l can be written as

l ¼ c�
P

h;g
c ::Rh :: ðRg :: c ::Rh þHghÞ�1 ::Rg :: c ; ð2Þ

where c is the elastic stiffness of the single crystal, H the hardening matrix, Rg is the
Schmid tensor of a system g, and “..” symbolizes the contracted tensor product. The
summation is performed over all the active systems h and g.
At the macroscopic level, the relation between the macroscopic stress rate and strain

rate is given by a similar relation with the introduction of tensor L. The values of _ss and
_ee of each grain are linked to _SS and _EE by an interaction tensor L* function of an Eshel-
by tensor [8] taking into account the intrinsic elastic and plastic anisotropy of the HEM
as well as the anisotropy induced by plastic flow. (The tangent macroscopic operator L
used to calculate L* satisfies both normality and consistency conditions.) It is a function
of L, the shape and the orientation of each grain [5],

_ss� _SS ¼ L :: ½I� SEsh�1� :: ð _ee� _EEÞ ¼ �L* :: ð _ee� _EEÞ : ð3Þ

Tab l e 2
Coefficients of the polynomial relation that describes the temperature dependence of
the elastic constants of titanium single crystals measured by Fisher and Renken [9]

coefficients cð0Þij � 100 cð1Þij � 103 cð2Þij � 106 cð3Þij � 109

c11 177.421 �44.199 �26.166 19.287
c12 86.053 19.007 4.305 �9.930
c13 0.679 0.047 �0.041 �0.003
c33 191.408 �33.261 �13.844 10.880
c44 51.105 �10.329 �15.860 7.202

Tab l e 3
Coefficients of the polynomial relation that describes the temperature dependence of
the thermal coefficients of titanium single crystals measured by Wasilewski [10]

coefficients a
ð0Þ
i � 106 a

ð1Þ
i � 109 a

ð2Þ
i � 1012 a

ð3Þ
i � 1015

a1 12.791 8.110 �37.442 30.379
a3 12.088 24.603 �74.074 50.252
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The overall elastoplastic tensor L is a weighted average of the mesoscopic tensor l,

L ¼ hl .. [I þ SEsh ..L––1 ..Dl]––1i . (4)

Equation (4) is a non-linear implicit equation because SEsh depends on the unknown L.
The Eshelby tensor is calculated by an integral equation [7] which takes into account
plastic anisotropy. Equation (4) is solved by iteration. Once L is known, by specifying
an overall stress or strain, the model can give the corresponding stress or strain tensors
for each orientation. Thus, we can describe the mechanical response of the polycrystal
at the mesoscopic scale.
For hexagonal materials like titanium, because of the relatively strong crystallo-

graphic anisotropy, several modes may be active: slip and/or twinning systems. In such
materials, prismatic glide f10�110gh11�220i is reported to be the main active deformation
mode [2, 12]. First-order pyramidal slip f10�111gh11�223i and basal slip {0002}h11�220i are
generally presented as secondary slip modes [2, 13, 14]. At room temperature, twinning
has also been observed in titanium samples [14, 15]. Twinning of f10�112g and f11�221g
types is expected in extension along the c-axis whereas twinning of f11�222g and f10�111g
types is expected in compression along the c-axis.
In the model, critical resolved shear stresses (CRSS) and the hardening law for slip

and twinning are considered as controlling parameters. As their values depend on many
factors (oxygen content, grain size, temperature, . . .), they are considered as unknown.
Consequently, they are determined through a fitting of the predicted behaviour on the
experimental tensile curve in RD.
The initial CRSS are taken as identical for all systems of a system type. The deforma-

tion systems introduced in the model are assumed to be prismatic slip, first-order pyra-
midal slip, and f10�112g twinning. In this work, we considered a linear hardening law
[16], and for simplicity, coefficient Hgr is equal to Hgg for any deformation mode
r : _ttg ¼ Hg

P

r
_ggr, i.e. latent hardening is equal to self-hardening. The CRSS obtained are

t ¼ 120 MPa for prismatic mode, t ¼ 190 MPa for first-order pyramidal mode, and
t ¼ 210 MPa for tensile twinning. The hardening coefficients were found to be 40 MPa
for prismatic slip, 80 MPa for pyramidal slip, and 210 MPa for the twin mode. The
CRSS for the prismatic systems is determined to reproduce the experimental yield
stress in the RD. The CRSS values are adjusted to give a good description of the
tensile test performed in the RD of the sheet. Experimental observations [15] show that
twinning does not make a significant contribution to plastic deformation. A CRSS value
of 210 MPa ensures that twinning activity is lower than prismatic or pyramidal activity.
The hardening coefficients are chosen to be consistent with the slope of the experimen-
tal curve in the RD of the sample. The obtained parameters are then taken to simulate
the tensile test in the TD. Two assumptions were considered in the simulations: loading
with thermal stresses and without thermal stresses.

4. Results and Comparison between Model and Experiment

4.1 Thermal stresses

The evolution of thermal stresses as a function of temperature was predicted for differ-
ent plane families,
– f21�333g and f30�332g, which are the planes studied by X-ray diffraction,
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– f0002g and f10�110g are, respectively, the basal and the prismatic planes. These
planes are interesting to study because they generally have an opposite behaviour in
terms of strain values.
Figure 3 shows the residual stress evolution obtained using the thermo-elastic self-

consistent method. Prismatic planes are in a compressive strain state while basal planes
are in tensile strain state. These results are similar to previous simulations and experi-
mental results obtained on rolled Zircaloy-2 and a-Zr [2, 17]. The directions normal to
f21�333g and f30�332g planes are in compression.
To give an idea of the stress magnitude, the diagonal components s22 and s33 of the

stress tensor can be calculated for every grain. These values are expressed in crystal
axis (with x3 parallel to the c-axis) and correspond to values obtained after cooling at
room temperature. Contrary to zirconium alloys, these values are low: the s33 values
are always less than 6 MPa and the s22 values are higher than �7 MPa.
Using the self-consistent formulation, thermal residual strains projected on the mea-

surement direction versus sin2 y for the f21�333g and f30�332g diffracting planes were
simulated. These strains can be represented by a straight line A þ B sin2y. The pre-
dicted results are presented in Table 4.
Physically, the values of A must be independent of f. This fact allows to estimate the

numeric precision of the calculations. We can express the values A in terms of stress
with the XEC (determined by an elastic self-consistent model for an isotropic material).
The standard deviation is of the order of 0.2 MPa for the two studied planes. The
choice of 1000 orientations is justified by this low dispersion.

Tab l e 4
Predicted coefficients A and B for the f21�333g and f30�332g diffracting planes

f21�333g planes f30�332g planes

f ¼ 0� f ¼ 45� f ¼ 90� f ¼ 0� f ¼ 45� f ¼ 90�

A (� 103) �0.04356 �0.04304 �0.04305 �0.05621 �0.05846 �0.05826
B (� 103) 0.05957 0.05603 0.05766 0.06270 0.06291 0.06026
A/XEC (MPa) 15.5 15.3 15.3 20.0 20.8 20.7

Fig. 3. Predicted thermal strains for the different planes studied with f ¼ 0� and y ¼ 0� (& f10�110g,
o f21�333g, D f30�332g, � f0002g)
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The predicted results are compared with experimental data obtained using the X-ray
diffraction method. The experimental strain values are determined using the expression

"fy ¼ � 1
2 cot q0 ð2qfy � 2q0Þ ; ð5Þ

where q0 is the Bragg angle for a stress-free specimen and qfy is the measured Bragg
angle. Consequently, it is necessary to determine the stress-free lattice parameters of
the sample to calculate the thermal strains. Because of strains induced by thermal ani-
sotropy, these parameters cannot be directly measured. One solution [18] is to find the
stress-free parameters a0 and c0 which minimize the difference between experimental
data and predicted strains for the two studied planes. With this method, the following
values were found: a ¼ 2.9521 �A and c ¼ 4.6893 �A, giving 2q0(f21�333g) ¼ 139.162� and
2q0(f30�332g) ¼ 148.194�.
Figure 4 shows the experimental (filled circles and triangles) and predicted (full line)

thermal strains versus sin2y curves for f21�333g and f30�332g diffracting planes with

Fig. 4. Thermal residual strains vs. sin2 y for the f30�332g and f21�333g diffracting planes at room
temperature with f ¼ 0� (• f21�333g experimental results, ~ f30�332g experimental results, solid line
predicted results obtained using the self-consistent model)
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f ¼ 0�. The experimental dispersion can be attributed to grain size effects and counting
statistics. It can be noticed that strain (or stress) values are very weak compared to the
case of zirconium alloys [3]. The slope of efy versus sin2y is close to 0.
In conclusion, thermal stresses at room temperature are weak and do not play, a

priori, an important role for the elastoplastic behaviour (see next section). Using the
self-consistent model and the experimental results from X-ray diffraction, the stress-free
lattice parameters of the sample can be determined. Although the thermal anisotropy
of titanium is weak, a (too) simple comparison of bulk thermal strain and crystal ther-
mal strain along the c-axis would give stresses of the order of 100 MPa with the relation

s ¼ EðM11 � a33ÞDT; ð6Þ

where E is the Young’s modulus and M11 (ffi M22 ffi M33) is the thermal expansion coef-
ficient of the polycrystal in the RD.
The model calculations and the experimental results show that the effective thermal

stresses are low due to elastic coupling at the crystallite scale.

4.2 Mechanical response

Figure 1 shows the predicted stress–strain curves for a tensile test in rolling and trans-
verse directions. The simulation is fitted on the experimental loading curve along the
RD of the sheet. The predicted yield stress is about 251 MPa (0.23% total strain). This
value is very close to the experimental one (253 MPa). The calculated Young’s modulus
(107 GPa) coincides with the experimental one. The predicted and measured plastic
slopes are identical up to 3% strain along the RD. After 3% strain, the tensile curve
saturates. This effect cannot be reproduced by the model with simple constant harden-
ing coefficients. A more sophisticated phenomenological hardening model would be
necessary. With a loading along the TD, the initiation of the elastoplastic transition
begins at 271 MPa (0.27% strain). The experimental yield stress is about 293 MPa.
Although the predicted yield stress is lower than the experimental one, the simulation
matches the fact that the yield stress in TD is higher than in RD. The simulated plastic
slope (2800 MPa) is significantly higher than the experimental one (1250 MPa). This
fact could be attributed to variations of CRSS and hardening coefficients within grains
and for different systems of the same system type. However, our results show that the
crystallographic texture can explain an important part of the anisotropic behaviour of
the material. The remaining can be attributed to the morphological anisotropy or the
intracrystalline anisotropy which is not fully taken into account in the hardening matrix.
The simple model of hardening used here does not capture some macroscopic effects
related to these mechanisms. More elaborated treatments of hardening (latent harden-
ing, dislocation annihilation, . . .) could be introduced into the model to reach a better
agreement with experimental observations.
For a tensile test in the RD, the elastoplastic transition starts with the activation of

prismatic slip. At 0.7% strain, pyramidal slip is activated. This sequence explains cor-
rectly the experimental loading slope. At 4% deformation, the proportions of activated
systems are 61% for prismatic mode and 39% for pyramidal slips. The twinning is not
active during the deformation with our choice of CRSS.
When tension is simulated in the TD, plastic deformation begins by the activation of

prismatic slip. At 0.5% strain, pyramidal systems become active. At 4%, the distribu-
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tion of activated systems is 70%, 28.9%, and 1.1% for the prismatic, pyramidal, and
tensile twin, respectively.
Finally, a reasonable distribution was obtained in agreement with the published ex-

perimental observations: prismatic glide is the main active mechanism, pyramidal slip is
a secondary slip mode, and twinning contributes very little to plastic deformation. To
quantify the influence of thermal stresses on the macroscopic response, calculations
were also performed without thermal stress in the initial conditions. The predicted
stress–strain curves are identical to the previous case. The elastoplastic transition be-
gins at 256 MPa (251 MPa with thermal stresses) in the RD. Pyramidal slip and twin-
ning become active at the same strain. Thermal anisotropy is very low and its influence
on the macroscopic behaviour is negligible.

4.3 X-ray diffraction results

Strain measurements have been made with two plane families, f21�333g and f30�332g. The
stress was obtained from the sin2y relation. In the present section, it should be remem-
bered that, due to the homogeneous macroscopic plastic flow, there is no macroscopic

Fig. 5. Evolution of residual stress
tensor components with the total
prestrain for the a) f21�333g and
b) f30�332g planes with loading
along RD. The x1-axis is along
the tensile direction (RD) (& s11,
• s22, ~ s23, ! s13, ^ s12)

a)

b)
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residual stress. The measured and simulated stresses are relative to the diffracting vol-
ume, i.e. to groups of crystallites with specific orientation. The mentioned stresses are
thus pseudo-macroscopic stresses. With diffraction data, the complete stress tensor was
determined for each plane family. To check the stress homogeneity in the sample, X-ray
analysis has been performed with different thicknesses removed by electro-polishing.
At 2% strain, pseudo-macroscopic stress varies from �58 � 33 MPa to �49 � 18 MPa
for the f21�333g plane. Using the f30�332g reflection, the calculated stress varies between
�22 � 55 MPa at the surface and �49 � 23 MPa at 125 mm depth. Finally, stress analy-
sis by X-ray diffraction shows that the stress seems to be homogeneous inside the sam-
ples. As the samples are single phased and the penetration depth of X-rays is very
small (5 mm), it was assumed that s33 ¼ 0 to calculate the stress tensor. It is interesting
to notice that, although the crystallites analysed by XRD are different when f and y
angles vary, the whole set of data is consistent with a global stress tensor whose princi-
pal axes are very close to RD and TD. This can be explained by the fact that meso-
scopic stress depends directly on the macroscopic stress and that the whole set of crys-
tallites analysed by XRD is representative of a global incompatibility between the
grains. This justifies the idea of pseudo-macroscopic stress. Figures 5 and 6 show the

Fig. 6. Evolution of residual stress
tensor components with the total
prestrain for the a) f21�333g and
b) f30�332g planes with loading
along TD. The x1-axis is along the
tensile direction (RD) (& s11, • s22,
~ s23, ! s13, ^ s12)

a)

b)
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evolution of components of the stress tensor as a function of the total strain with a
loading along the RD and TD, respectively (the x1-axis is taken parallel to the loading
direction). The shear stress components remain close to 0 MPa for any deformation.
The two planes are in compression with a stress value that increases with the amount
of prestrain. At 4% strain, the s11 value reaches �140 MPa for the f21�333g plane and
�80 MPa for the f30�332g plane, while the s22 value is of the order of �40 MPa. For the
mechanical tests along the TD, stress values are also in compression along the rolling
(s11) and the transverse (s22) direction for the two planes. The s11 component reaches
�144 MPa for the f21�333g plane and �98 MPa for the f30�332g plane. The s22 values are,
respectively, �38 and �24 MPa. The shear stresses have a very weak value whatever
the deformation. Figure 7 presents the evolution of s11 with uniaxial loading along the
RD and TD. This component decreases more rapidly with a loading in TD. This beha-
viour could be attributed to the higher yield stress in the transverse direction. X-ray
measurements show the existence of plastic anisotropy through two phenomena:
– a significant difference for the s11 value (�144 and �98 MPa at 4% strain) between

the two loading directions,
– a different evolution of s11 for the f21�333g plane (�140 MPa) and the f30�332g plane

(�80 MPa).
For comparison, in cold rolled zircaloy-4 cladding tubes [19, 20], the stresses obtained

by XRD depend strongly on the analysed plane family (þ168 MPa for the f10�114g plane
and �193 MPa for the f10�111g plane). This significant difference is not observed for the
two studied planes in the case of titanium. However, it should be noted that these two
planes are close in terms of crystallographic orientation, contrary to the f10�114g and
f10�111g planes.

4.4 Predicted mesoscopic strains

The study in Section 4.2 enabled us to check the capacity of our model to simulate the
macroscopic behaviour in rolled a-Ti. The next step will be to validate the assumptions

Fig. 7. Evolution of s11 with the total strain for f30�332g (circles) and f21�333g (squares) with loading
along RD (filled symbols) and TD (open symbols). The x1-axis is parallel to the loading direction
(RD or TD)
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on the deformation modes activated in our calculation. For that, a comparison between
stress measurements with diffraction techniques on these samples and simulation at the
mesoscopic level has been achieved.
Experimental results obtained with XRD show that the f21�333g and f30�332g planes

exhibit compression stress for all directions f (0�, 45�, and 90�). The predicted results
agree with the fact that, in the efy versus sin2y representation of the deformed sam-
ples, the best fitting for the two studied planes is obtained with prismatic slip as the
main deformation mode. In fact, simulations using different combinations of plastic
modes (pyramidal or basal slip as main active deformation mode) were made and it
was found that only the prismatic system can explain the experimental behaviour. From
the slope of the efy curves, it is possible to estimate the pseudo-macroscopic residual
stresses as a function of total strain for the two loading directions. Figure 8 presents this
evolution. The predicted and experimental results show that stresses evolve more ra-
pidly from 0%–2% strain and more slowly beyond 2%. Stress values are close for the
two studied planes. With prismatic slip as main deformation mode, the model explains
the fact that pseudo-macroscopic residual stresses are higher in the RD than TD.
Although the predictions are in qualitative agreement with experimental evidence, the
residual stresses are overpredicted by the self-consistent model. This is a well-known
feature of this model [21], which is too “stiff” because it does not take into account the
fluctuations of moduli in the matrix and the inclusion due to the nonlinearity of the
mechanical behaviour [22–23]. In our case, the model overestimates the observed resi-
dual stress by at least a factor two.

5. Conclusions

In this study, the thermal residual stresses in rolled a-Ti have been evaluated using a
self-consistent model and compared with X-ray diffraction results. A good agreement

Fig. 8. Predicted evolution of s11 with the total strain for f30�332g (circles) and f21�333g (squares)
with loading along RD (filled symbols) and TD (open symbols). The x1-axis is parallel to the
loading direction (RD or TD)
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between the two methods has been obtained. The residual stresses due to thermal ani-
sotropy are low, and consequently they do not play a role for the elastoplastic transi-
tion, contrary to zirconium alloys. The stress-free lattice parameters of the samples
were determined with the model, and we found a ¼ 2.9521 �A and c ¼ 4.6893 �A.
An elastoplastic self-consistent approach has been developed in order to model the

mechanical response of rolled Ti under uniaxial loading. We showed that the crystallo-
graphic texture can explain the stress differential between RD and TD of the sample
and that the elastoplastic transition can be explained by texture and internal stresses.
The choice of prismatic slip as principal deformation mode can explain the negative
pseudo-macrostress values for the two studied planes for all f directions (0�, 45�, and
90�). The model allows to describe the rapid evolution of pseudo-macrostresses during
the elastoplastic transition and the slow evolution after 2%. It reproduces the fact that
the pseudo-macrostresses are higher for loading along TD than along RD. These pre-
dicted results can be only obtained for a single set of slip modes and hardening param-
eters. This analysis shows that X-ray diffraction stress analysis could constitute an effec-
tive validation or identification of a model. Compared with microstructural observations
such as those performed by TEM or EBSD, which are often limited because of strain
hardening (especially for measurements on materials strained at 40% or 70%), XRD
may provide an alternative way to investigate the deformation mechanisms of textured
polycrystals. In any case, a complete understanding of the deformation mechanisms of
hexagonal materials will require various techniques, among which XRD can play a use-
ful role.
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