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Flow formed components undergo a complex deformation mode under biaxial strain, which is expected to have
signiﬁcant impact on the crystallographic texture evolution. X-ray diﬀraction measurements and calculations of
orientation distribution functions (ODFs) were employed to analyse ﬂow formed tubes produced with diﬀerent
parameters such as preform hardness, feed rate, roller contact angle, and wall thickness reduction. Texture
variations were observed both throughout the wall thickness and along the tube length. A crystal plasticity
ﬁnite-element model was used to decipher the texture formation relative to the imposed axial and hoop strains.
The shear strain on the axial-hoop plane was found to be responsible for the deviation from cold rolling textures
and the formation of a ﬁbre along Φ = 0° in the φ2 = 45° ODF section. Finally, annealing treatments at 700 °C
were carried out to monitor texture changes due to potential recrystallisation eﬀects during the forming process,
upon which strengthening of the {113} < 1–10 > orientation was noted.

1. Introduction
Flow forming produces rotationally-symmetrical components with
excellent mechanical properties. Other features of this near-net-shape
process include high dimensional accuracy, low material waste due to
the elimination of subsequent machining of the ﬁnal product, and
overall signiﬁcant ﬁnancial savings [1–4]. In ﬂow forming, the initial
preform is ﬁxed on a rotating mandrel and typically three rollers apply
a force along the radial direction. The rollers are simultaneously
translated along the axial direction, thus creating a spiral trajectory
of deformation. Consequently, the material is forced to ﬂow in the axial
and circumferential directions depending on the parameters used, with
the former being more beneﬁcial in terms of achieving an optimum
ﬁnal geometry of the component [1].
Careful control of the ﬂow forming parameters is crucial with
regard to the ﬁnal properties of the product [1–4]. Three parameters
are studied in this work: the roller contact angle, feed rate and preform
hardness. The roller contact angle inﬂuences the direction of material
ﬂow during deformation and thus the surface quality of the product
[1,5]. A high contact angle creates material pile-up ahead of the rollers.
This causes the rollers to interact with a large volume and exert high
forces on them [6], resulting in material ﬂow mainly in the axial
direction [7]. Conversely, ﬂat rollers (low contact angle) lead to radial
ﬂow and increase the diameter of the components [7]. Equally, the feed
rate also has an eﬀect on the preferred ﬂow direction, however a very
low feed rate can promote unfavourable material ﬂow in the radial
⁎

direction and increase the internal diameter of a tube [5,8], whereas a
high feed rate can produce uneven thickness, contraction in diameter
and rough surface, or tearing [5]. An additional eﬀect of a high feed
rate is the reduction of force in the radial direction and a corresponding
increase in the axial direction [7]. The preform hardness is determined
by the material composition and microstructure and it will inﬂuence
the deformation behaviour of the material. It has been shown that the
key material parameters for best ﬂow formability are a low initial yield
stress, high ultimate tensile stress and high ductility [2,9]. However, in
the case of medium carbon low alloy steels, preforms have to undergo
hardening and tempering prior to ﬂow forming so as to achieve high
strength properties [5,9–11], which demonstrates that ideal starting
materials properties are not always possible.
So far, the ﬂow forming literature contains very few texture studies
and with limited in-depth explanations of the observed eﬀects [12–14].
The present work aims to contribute in ﬁlling this gap by undertaking a
thorough investigation of the eﬀects of roller contact angle, feed rate,
preform hardness, and wall thickness reduction on the measured
textures. A better understanding of texture formation will shed light
onto the deformation mechanisms acting during ﬂow forming and will
facilitate future product improvement. In order to interpret the
experimentally observed texture a crystal plasticity ﬁnite element
model (CPFEM) was employed, which enabled to relate texture
components to material ﬂow within a biaxial stress ﬁeld.
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Table 1
Nominal composition of the Cr-Mo-V steel studied in this work.
Element content (wt%)
C

Cr

Mo

V

Si

Mn

Fe

0.4

3.2

0.9

0.2

0.2

0.5

bal.

Table 2
Designation of the flow formed tubes investigated in this work.
Tube designation

Hardness (HV)

Feed rate*

Roller contact angle**

HIH
LHH
HHL
HLL

470
430
470
470

Intermediate
High
High
Low

High
High
Low
Low

(High)
(Low)
(High)
(High)

*
Diﬀerence between high and low feed rate: 50%. The intermediate rate diﬀers by an
equal amount from each end.
**
Diﬀerence between high and low roller contact angle: 50%.

Fig. 2. Representative secondary electron images showing grain structure variation
through the thickness of a ﬂow formed tube after 39% reduction (tube HIH). The brightﬁeld TEM image at the bottom corresponds to an area near the mid-thickness plane.
Fig. 1. Hardness as a function of wall thickness reduction for: (a) high preform
hardness, high angle rollers with intermediate feed rate (tube HIH), and (b) low preform
hardness, low angle rollers with high and low feed rate (tubes HHL and HLL).

properties are strongly aﬀected beyond and below the maximum
acceptable limits. Wall thickness reductions between 39% and 74%
were achieved in one pass during forward ﬂow forming. Deformation
was carried out at room temperature and with the simultaneous ﬂow of
coolant onto the tube in order to prevent any temperature rise. The
designations for each sample are given in Table 2. All tubes were
manufactured by SMF, Ahlen, Germany, and supplied by Rolls-Royce
plc, Derby, UK.

2. Experimental
2.1. Materials
Flow formed tubes were manufactured from Cr-Mo-V ferritic steel
tubular preforms that were machined from forged cylindrical billets.
The material's composition is given in Table 1. Flow forming parameters were varied during manufacturing in order to study their eﬀects
on texture formation. In general, the range of values of ﬂow forming
parameters is not particularly wide, since the product shape and

2.2. Characterisation
Samples were cut from the tubes and then ground with 1200 grit
paper to produce a ﬂat surface by removing the surface grooves that
8
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Fig. 3. {110} pole ﬁgures showing the through-thickness texture evolution for low and high wall thickness reductions and feed rates (tubes HLL and HHL).

ﬁgures more accurately using triclinic sample symmetry. In most cases
only the φ2 = 45° section of the ODF is shown, since it is the most
representative for materials with a cubic crystal structure throughout
the Euler space [18]. The texture data presented in this work are a
result of ﬁve measurements from diﬀerent locations in each sample and
the ﬁnal ODF was averaged using MTEX [16].
Microstructures were examined with the aid of scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) on
samples prepared from the axial-radial plane. The instruments used
were an FEI Sirion FEG-SEM operating at 8 kV and an FEI Tecnai F30
FEG-TEM operating at 300 kV. Macrohardness was measured on the
axial-hoop plane with a Vickers indenter using a load of 50 kg and
averaging ﬁve indentations for each point. Annealing heat treatments
were carried out in air at 700 °C.
A CPFEM code developed by Bate was applied to predict texture
evolution for diﬀerent stress conditions. A more detailed description of
the 3D model can be found in [19,20]. In brief, it is a small strain
viscoelastic-viscoplastic model, which assumes slip to be rate-sensitive.
The operation of this model is based on an incremental-iterative
scheme, by partitioning the total strain into a large number of steps
and determining the elasto-viscoplastic state and overall stress equilibrium for each increment. The elements used were 20-node bricks with
8 integration points each. A cubic initial domain was used and the
imposed boundary conditions allowed boundaries to move freely in the
axial and hoop directions, while nodes moved within those boundary
planes. The linear elastic compliance modulii used in the strain tensor

had been produced by the rollers. Due to the very ﬁne microstructure
and deformed state of the material, early work established that electron
backscatter diﬀraction (EBSD) was prone to yield relatively poor
indexing rates and consequently, x-ray diﬀraction was identiﬁed to
be a more suitable technique for texture analysis. The x-ray diﬀraction
measurements were carried out using a Bruker D8 Discover with a Co
source operating at a voltage of 35 kV and a current of 40 mA. The
measurements were carried out on the ferritic {110}, {200} and {211}
reﬂections. Incomplete pole ﬁgures were obtained from the three
reﬂections measuring azimuth angles between 0–355° and polar angles
between 0° and 85° at a 5° step size in each case. The in-house software
Textan [15] was used to obtain 10,000 representative orientations from
a deﬁned number of Euler angles, which were processed further with
the open source software MTEX v.3.3.1 to calculate and plot ODFs
[16]. Finally, the open source software JTEX v.2.1 [17] was used to plot
pole ﬁgures. The reason for the use of three diﬀerent software
programs was that Textan is not as versatile as MTEX when it comes
to data handling but was the only option to read correctly the peak
intensity output ﬁles from the Bruker instrument. MTEX could not
read correctly the particular output data ﬁles of the measured pole
ﬁgures produced with the Bruker instrument used in this work, but it
did process correctly the set of Euler angles that were extracted with
Textan. However, these angles corresponded to orthorhombic symmetry, since triclinic symmetry was not an option in Textan, and the
calculated pole ﬁgures appeared completely symmetrical with four
equivalent quadrants; for this reason JTEX was used to plot the pole
9
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Fig. 4. Example of ODF sections showing the presence of the maximum intensity near
the φ2 = 45° section.

calculations were S11 = 7.67 × 10−6 MPa−1, S12 = −2.83 × 10−6 MPa−1
and S44 = 8.57 × 10−6 MPa−1. Other model inputs included the starting
texture as well as material-speciﬁc parameters, such as the number of
slip systems which was 48 in the case of the Cr-Mo-V steel studied
here; 12 {110} < 111 > , 12 {112} < 111 > , 24 {123} < 111 > .

Fig. 6. Main texture components and ﬁbres in ﬂow forming texture for the present
Cr-Mo-V ferritic steel.

3. Results
outer surface, mid-thickness plane and inner surface of three diﬀerent
tubes. The observed diﬀerences in hardness among the three diﬀerent
planes for a tube that was formed with intermediate feed rate and high
contact angle (HA) rollers (tube HIH) were similar for tube wall
thickness reductions of 39% and 61% (Fig. 1a); a through-thickness
gradient is evident in the deformed samples from the outer surface
towards the inner. However, at 74% reduction the hardness of the
mid-thickness plane approached that of the outer surface (573 HV).
The through-thickness hardness trends were slightly diﬀerent when

3.1. Properties along the radial direction
Flow forming is known to produce a strain gradient through the
tube wall thickness due to contact with the rollers and mandrel on the
outer and inner surfaces, respectively, and the diﬀerent strain they
impose, whereas the mid-thickness region is not in contact with any
external tool [21]. This strain gradient was initially assessed by
performing hardness indentations along the radial direction on the

Fig. 5. ODF sections at φ2 = 45° showing axial variation in the intensity of ﬂow forming textures at ﬁve consecutive locations, 2 mm apart, on the outer surface of the same sample
deformed by 74% (HIH).

10
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Fig. 7. ODF sections at φ2 = 45° showing texture variation as a function of preform hardness for two thickness reductions.

images. Their spacing can be less than 100 nm in some areas even at
low thickness reductions of 39% as seen from the bright-ﬁeld TEM
image.
The crystallographic texture also changes with radial position.
Complete pole ﬁgures recalculated from ODFs are used to show the
diﬀerences through the wall thickness for two tubes (HLL and HHL)
formed with high and low feed rates, respectively, and thickness
reductions of 40% and 72% (Fig. 3). The main features of the {110}
pole ﬁgures are that the mid-thickness plane has always a lower
maximum intensity and there is a gradual rotation around the ND
(out-of-plane) from the inner surface towards the outer. This rotation
seems to depend mainly on the imposed strain and less on the feed
rate. In fact, the eﬀect of feed rate is diﬃcult to determine visually in
some cases and only by measuring the exact angles it is shown that a
low feed rate causes slightly larger rotations. Another characteristic is
that the maximum intensity on the outer surface is stronger than on the
inner at 40% reduction and vice versa at 72%.

comparing tubes formed with high and low feed rate, respectively,
using low angle (LA) rollers (tubes HHL and HLL). It is interesting to
note in this case that for the lower thickness reductions of 40% and
56% the hardness on the mid-thickness plane was slightly lower than
on the inner surface, whereas the highest value was recorded for the
outer surface. It was only at the highest reduction of 72% that the
through-thickness hardness variation developed a gradient, similar to
the tube formed with the HA rollers. Some other crucial observations
are that the HA rollers resulted in noticeably greater hardness increase
(by 20–35 HV) compared to the LA rollers, whilst the lower feed rate
gave greater hardness increase compared to the high feed rate; their
diﬀerence on the outer surface was 10 HV at 40% reduction but
decreased with increasing strain.
Flow formed tubes are expected to have a variable grain structure
through the wall thickness as a consequence of the afore-mentioned
strain gradient. In order to view the microstructures both SEM
(secondary electron) and bright-ﬁeld TEM were employed, allowing
examination at diﬀerent scales on the axial-radial plane. As an
example, Fig. 2 presents the microstructural variation in tube HIH.
Note that the bulk specimens used for SEM imaging exhibited strong
surface topography, which was exploited here to visualise the microstructure. The SEM images clearly show the microstructure becoming
more ﬁne-grained towards the outer surface where the highest hardness was measured. Noting the diﬀerence in scale between the SEM
and TEM images, it is easily understood that the ﬁne bands seen in the
latter represent the substructure of the coarser bands in the SEM

3.2. Texture variation
It should be noted here that the ODF sections for all samples in the
ﬂow formed condition exhibited a maximum intensity near the φ2 =
45° section, as Fig. 4 illustrates. Thus when discussing textures here
only the φ2 = 45° sections are considered.
Texture measurements were carried out along the axial direction to
determine if there were any variations caused by the forming process at
11
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Fig. 8. ODF sections at φ2 = 45° showing texture for low angle rollers (LA) for two thickness reductions.

appear to have several similar features to rolling textures of the same
material. Rolling textures are typically represented in ODF sections by
a strong α-ﬁbre ( < 110 > ||RD) and a strong γ-ﬁbre ({111}//ND), with
pronounced intensity of R-Cube {001} < 110 > [22,23]. These features
are marked in Fig. 6. They exhibit a strong γ-ﬁbre and a weak ﬁbre
along Φ = 0° ({100}||ND) that develops into R-Cube for high
reduction; the Φ = 0° ﬁbre is known to be formed either in hot rolled
textures of low carbon steels [24], or after shear deformation [25].
Another weak ﬁbre that appears mainly at low strains is along Φ =
30–32° and is characterised as {113}||ND. Only an indication of an αﬁbre can be seen in Fig. 6.

diﬀerent positions along the component's length. Five diﬀerent axial
positions, 2 mm apart, were selected for this reason (Fig. 5). There is a
notable change in the maximum texture intensity for these positions
ranging between 5.4 and 6.2 multiples of random texture, which
suggests that some diﬀerences in the resulting grain orientations are
produced during forming. Overall, the general shape of the texture in
the φ2 = 45° ODF section remained unchanged.
3.3. Main features of ﬂow forming textures
The ﬂow forming textures recorded in the present ferritic steel
12
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Fig. 9. CPFEM predictions of the eﬀect of axial strain (ε11) and hoop strain (ε22) on texture, illustrated by φ2 = 45° ODF sections. The resulting shear strain ε12 and its angle relative to
the axial strain are also shown. The measured texture of the tempered martensite prior to deformation that was used as input for the calculations can be seen in the bottom right image.

3.4. Eﬀects of the ﬂow forming parameters

diﬀerence essentially disappears at 74%. HA rollers cause slight
formation of the α-ﬁbre and primarily of the R-Cube component on
the outer surface at 74% reduction.

The most important part of this work is to highlight the eﬀects on
the texture when changing the ﬂow forming parameters: preform
hardness, feed rate, roller contact angle, and wall thickness reduction.
Figs. 7 and 8 present the texture changes due to all these parameters as
illustrated by ODFs. Changing the feed rate had no measurable eﬀect
on the texture developed, in agreement with the pole ﬁgures shown
earlier in Fig. 3.
Similarly to the afore-mentioned pole ﬁgures, the texture intensities
were stronger on the outer surface compared to the middle and inner
sections at low reductions, whereas the inner sections has larger
maximum intensities at high reductions. High reductions strengthen
the γ-ﬁbre, Φ = 0° ﬁbre, and primarily of the R-Cube {001} < 110 >
component at the top corners of the φ2 = 45° ODF section. In contrast,
the weak Φ = 32° ﬁbre tends to disappear. Although there is clear
texture strengthening between 39–40% and 72–74% reductions, both
the γ and Φ = 0° ﬁbres decreased in intensity from the inner to the
outer surface, despite the outer surface being harder and hence
presumably having deformed more. This implies there is a greater
amount of redundant work near the outer surface.
The material's starting hardness is crucial in ﬂow forming and also
has a small eﬀect on the texture. Here, a tube with a starting hardness
of 470 HV is compared to one of 430 HV, despite their slightly diﬀerent
feed rates since there was no other suitable tube available (Fig. 7). The
softer tube tends to have higher maximum texture intensity in the near
surface regions compared to the harder tube, and a bigger diﬀerence
between the near surface and the middle region.
Of all parameters, it is the roller contact angle that most aﬀects the
ﬂow forming texture at 39% reduction (tube HIH in Fig. 7 compared to
HHL in Fig. 8). At this stage the high angle (HA) rollers give lower
maximum texture intensity than the low angle (LA) rollers, but this

3.5. CPFEM predictions
A crystal plasticity ﬁnite element model was employed to simulate
ﬂow forming textures by taking into account the biaxial deformation
mode operating on the axial-hoop plane. For the ﬂow forming process
the volume and inner diameter are considered to be constant. The
former remains constant due to the constant volume hypothesis, and
the latter due to the restriction from the mandrel. Thus deformation
during ﬂow forming was simulated by a reduction in outer diameter
and an increase in length, which is accomplished by material ﬂow
primarily along the axial direction and to a lower extent along the hoop.
The boundary conditions used to approximate this process consisted of
a free movement in the axial and hoop directions with nodes moving
within those boundary planes.
The aim of these predictions was two-fold; i) to analyse the eﬀects
of variations in axial and hoop strain on texture, and ii) to approximate
the amount of hoop strain in the investigated tubes. In the ﬂow forming
simulations the measured starting texture in the tempered martensite
material was fairly weak and independent of the tempering time, with
low maxima at positions representative of compression textures. The
simulated textures in Fig. 9 illustrate the inﬂuence of the axial and
hoop strains (ε11 and ε22) by varying them in order to match the
measured ﬂow forming texture.
The top row shows the eﬀect of hoop strain at a ﬁxed radial strain of
ε11 = 1.34, which is equivalent to 74% thickness reduction. It is
interesting to note that the increase in hoop strain from 0 up to 0.3
results in the strengthening of the Φ = 0° and γ ﬁbres, while weakening
the α-ﬁbre and the R-Cube component. Since the measured texture
13
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Fig. 10. Annealing of a ﬂow formed sample (tube HIH, 74% reduction) at 700 °C: (a) hardness curve, and (b) through-thickness texture variation at diﬀerent times.

forming and inﬂuences the ﬁnal texture, annealing treatments at
700 °C were carried out on a section of the HIH tube with 74%
thickness reduction. The temperature was selected to accelerate
recrystallisation kinetics and at the same time avoid transformation
of ferrite to austenite. Samples were annealed for up to 24 h and the
produced hardness curve is shown in Fig. 10a. A small drop in
hardness is evident even after 5 min exposure, while 30 min led to a
reduction of ~150 HV. Further annealing caused a more gradual
hardness decrease to a ﬁnal value of ~270 HV after 24 h.

appeared to be closer to the simulated texture with a hoop strain of
0.1–0.2, this value was used for the predictions of the eﬀect of radial
strain in the bottom row. On the other hand, increasing the axial strain
from 0.7 to 1.6 gave exactly the opposite trends by weakening the Φ =
0° and γ ﬁbres, and strengthening the α-ﬁbre and R-Cube.
3.6. Annealing at 700 °C
In order to investigate if recrystallisation takes place during ﬂow
14
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4. Discussion
4.1. Homogeneity of ﬂow forming textures
Examining the homogeneity of textures throughout a ﬂow formed
tube was a crucial consideration in this work in order to understand the
potential variation of the ﬁnal properties in such products. No
diﬀerences were expected along the hoop direction, which has been
proven previously by other researchers [26]. However, such homogeneity was absent in the axial and radial directions. Fig. 4 showed that
although the overall shape of the texture remained constant at diﬀerent
positions along the length of a ﬂow formed tube, the intensity varied
slightly in each location with the maximum value ﬂuctuating between
5.4 and 6.2. As seen earlier from the electron microscope images in
Fig. 2, the ﬂow formed microstructures are fairly heterogeneous, which
is then also reﬂected in the slight texture variations along the axial
direction of the tube.
By far the most notable diﬀerences were observed along the radial
direction. The pole ﬁgures in Fig. 3 demonstrate a trend with the
texture rotating around the ND when going from the inner towards the
outer surface. This rotation is most likely a consequence of a larger
shear on the outer surface compared to the inner surface [27], thus the
angle of rotation is expected to be strongly dependent on the degree of
twist [12]. The same rotation in pole ﬁgures has also been observed by
other researchers when increasing the thickness reduction [13], but
also through the wall thickness [12]. Regarding the various throughthickness positions, the strong texture on the outer and inner surface
can be explained on the grounds of contact with the rollers and
mandrel respectively. The outer surface undergoes a locally large axial
strain alongside a large shear strain component and the plastic strain in
that position attains its maximum value [27], which is also veriﬁed by
the highest hardness (Fig. 1). On the other hand, the inner surface is
subjected to a much lower shear strain and deforms primarily in plane
strain, with some hardening arising due to contact friction with the
mandrel [21]. An interesting observation is that although the inner
surface hardness is slightly higher than the mid-thickness plane in the
case of low angle rollers for low thickness reductions between 40–56%,
the same trend was not present at larger reductions of 72% nor for the
high angle rollers at all reductions (Fig. 1). The most likely explanation
for this phenomenon is that the strengthening eﬀect due to contact
friction and redundant work exceeds the one arising from the plastic
strain due to the thickness reduction, but only up to a speciﬁc imposed
strain; beyond that value the mid-thickness plane strengthens more
than the inner surface. Previous FE calculations concluded that friction
is less important than plastic strain in ﬂow forming for a reduction of
40% and rollers with relatively high angle (25°) [27], which is in
agreement with the present ﬁndings.
In addition, the mid-thickness plane always exhibits the weakest
texture (Figs. 3, 7, 8). Since this region is not in direct contact with any
external surfaces, only plane strain deformation acts on that plane.
Increasing the strength of the starting material, as well as the angle of
the rollers, strengthens the texture of the mid-thickness plane. This is
consistent with the idea that the strain in the mid-plane increases when
the amount of redundant work at the surfaces saturates. Early work
had suggested that the cyclic metal ﬂow pattern is responsible for the
weak texture at mid-thickness, because the wavelength of the ﬂow
pattern is much shorter than the area measured by x-rays [12].

Fig. 11. Eﬀect of the hoop strain ε22 at a constant axial strain ε11 = 1.34. Line proﬁles in
the φ2 = 45° ODF sections of the predicted textures along the most important ﬁbres: (a)
Φ = 0°, (b) γ, and (c) α.

An investigation of texture at various annealing stages showed that
substantial diﬀerences were only observed after annealing for 24 h,
exhibiting weaker R-Cube and γ-ﬁbre (Fig. 10b). An interesting feature
in this case was the appearance of a very strong component near {113}
< 1–10 > on the inner surface. However, the maximum intensity was
lower at 24 h than for shorter annealing times due to the introduction
of orientations outside the main ﬁbres as a result of recrystallisation.
The occurrence of the latter is evident by the signiﬁcant drop in
hardness.

4.2. Inﬂuence of ﬂow forming parameters on texture
4.2.1. Eﬀect of biaxial deformation
By quantifying the textures predicted by CPFEM in Fig. 9 and
plotting the proﬁles of the most important ﬁbres in Fig. 11, the eﬀect of
hoop strain is readily evident. Indeed, these graphs show that an
increase in hoop strain up to 0.3 led to strengthening of the Φ = 0° and
γ ﬁbres, while it weakened the R-Cube. In terms of determining the
15
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Fig. 12. Eﬀect of the axial strain ε11 at a constant hoop strain ε22 = 0.2. Line proﬁles in the φ2 = 45° ODF sections of the predicted textures along the most important ﬁbres: (a1–a2) Φ =
0°, (b1–b2) γ, and (c1–c2) α.

axial strain of 0.7. In contrast, the α-ﬁbre shows a constant increase in
its intensity with increasing the axial strain in (c1,c2).
These results show that the relative deformation in each direction,
hence the axial/hoop strain ratio, is crucial. The predictions in Figs. 11
and 12 suggest similar trends in texture strengthening in some cases
when increasing either strain variant. It is thus reasonable to question
how it would be possible to ascribe a potential increase in the intensity
of a ﬁbre to either the axial or the hoop strain component, since both
were seen to impose similar eﬀects. The answer lies in the exact value
of the axial/hoop strain ratio. In Fig. 11, a reduction in the ε11/ε22 ratio
(with the lowest at 4.45) resulted in an increase in the intensities of the
Φ = 0° and γ ﬁbres, and a decrease in α-ﬁbre. If the same regime of the

value of hoop strain that is acting during ﬂow forming, a value of 0.1–
0.2 yielded predicted textures closest to the measured ones for a
thickness reduction of 74% (ε33 = −1.34) (Figs. 7–9). The 0.2 hoop
strain was then used as an upper limit in the subsequent calculations of
the eﬀect of the axial strain.
In order to simulate the biaxial deformation with a CPFE model, the
axial strain ε11 and hoop strain ε22 were used as inputs. The predicted
line proﬁles in Fig. 12 had to be divided into two graphs in each case for
the sake of clarity. It is clear that a higher axial strain caused a constant
increase in the intensity of the Φ = 0° ﬁbre up to a value of 0.5, with a
subsequent drop at higher strains (Fig. 12a1,a2). A similar trend is
observed for the γ-ﬁbre in (b1,b2), whose intensity increased up to an

16
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Fig. 13. Line proﬁles in the φ2 = 45° ODF sections of the measured textures along:
(a) Φ = 0°, (b) Φ = 55° (γ-ﬁbre), and (c) φ1 = 0° (α-ﬁbre).
Fig. 14. α-ﬁbre proﬁle for a ﬂow formed sample (tube HIH) that was subsequently
annealed for 24 h at 700 °C.

ε11/ε22 ratio is examined in Fig. 12 (i.e. for ε11 > 1.0), exactly the
opposite trend is evident; an increase in the ε11/ε22 ratio from 5 to 8 led
to stronger Φ = 0° and γ ﬁbres, and a weaker α-ﬁbre. A secondary
observation relevant to the eﬀects of the strain components is that the
Φ = 0° and γ ﬁbres exhibited an intensity reversion at diﬀerent axial
strains; the former above ε11 = 0.5 and the latter above ε11 = 0.7. This
discrepancy indicates that each ﬁbre responds diﬀerently to deformation in each direction.

with feed rates diﬀering by 50% (Figs. 7 and 8). A marginally stronger
Φ = 0° ﬁbre was present for the high feed rate at a thickness reduction
of 72% (Fig. 13a), but the γ-ﬁbre was almost identical. However, some
small diﬀerences were seen in the hardness graph in Fig. 1b, where a
higher feed rate produced a slightly lower hardness than the low feed
rate, with this eﬀect being more pronounced at low thickness reductions. A small drop in hardness at higher feed rates was also observed
by Jianguo and Makoto in an A1050 aluminium alloy [28].
Nevertheless, the feed rate was previously found to be critical for other
properties such as residual stresses [29].

4.2.2. Eﬀect of process parameters
It was mentioned earlier that feed rate did not have a notable eﬀect
on texture, since no evident diﬀerences were observed for two samples
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in order to understand the changes in the deformation mechanism when
modifying process parameters such as preform hardness, feed rate, roller
contact angle, and wall thickness reduction. Based on texture analysis it
was found that the deformation pattern during ﬂow forming is strongly
dependent on hoop strain (ε22), and subsequently shear strain (ε12),
particularly on the ratio between axial and hoop strain (ε11/ε22). The
resulting texture from ﬂow forming resembles that of rolling, but has
some important diﬀerences such as the Φ = 0° ﬁbre in the φ2 = 45° ODF
section which forms due to the imposed hoop strain. From CPFEM
calculations the hoop strain imposed during the present ﬂow forming
operation was of the order of 0.1–0.2.
Additionally, textures were fairly heterogeneous along the tube
length and primarily through the wall thickness, with hardness
gradients also measured in the latter direction. The largest inﬂuence
on texture strength originated from altering the roller contact angle
and preform hardness, whereas feed rate had very little impact. Finally,
heat eﬀects did not appear to have played a notable role in the forming
process as determined by the tube's texture, potentially due to
suﬃcient coolant ﬂow during deformation.

Since it was shown that a 50% diﬀerence in feed rate did not hold a
vital role in terms of texture development, the eﬀect of the preform
hardness could be analysed by comparing a sample with high starting
hardness (tube HIH) to a sample with a low value (tube LHH)
irrespective of their feed rates diﬀering by 25%. The maximum texture
intensity was generally higher for the low hardness sample (430 HV) on
the outer and inner surfaces, but was lower at mid-thickness. A higher
starting hardness created a weaker γ-ﬁbre and α-ﬁbre at the thickness
reductions examined here (Fig. 13). These changes in the three main
ﬁbres of the measured ﬂow forming textures cannot be explained by the
variation in the ε11/ε22 ratio, since the actual reason is related to the
microstructure which is not expected to modify the direction of the
applied strain. The harder material corresponds to a short tempering
time, which implies that a larger amount of carbon remains in solid
solution. Interstitial elements such as carbon are known to cause shear
banding and dynamic strain ageing near room temperature, which
subsequently lead to slip localisation and large crystal rotations that
produce a weaker texture [24]. Although ﬁne-sized carbides in steels
are known to play a vital role during deformation [30], they are
generally thought not to aﬀect texture formation [24].
As suggested in the literature, a lower angle implies larger axial
contact surface, thus the material is forced to ﬂow in the hoop direction
[1]. When such a deformation mode operates, and the axial strain ε11
decreases, the material strengthens to a lower extent. This statement is
in complete agreement with the lower hardness of 25–30 HV measured
earlier for the LA rollers at all thickness reductions (Fig. 1). The net
result is a weakening of the ﬂow forming texture from 5.7 maximum
intensity for the HA rollers to 5.0 for the LA rollers on the outer
surface. Fig. 13 veriﬁes that HA rollers showed a stronger R-Cube
component than the LA rollers. On the other hand, the γ-ﬁbre intensity
was always lower for the HA rollers because of the higher ε11/ε22 ratio
for an axial strain of 1.34 (Fig. 12a2,b2).
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4.3. Flow formed and annealed textures
The textures of ﬂow formed and annealed samples were examined
in order to determine any potential contribution from thermal eﬀects
during the forming process. Although any potentially generated heat
would have already inﬂuenced the as-ﬂow formed textures, it is
important to monitor the annealing kinetics upon exposure at
700 °C. For times up to 2 h the outer surface remained fairly stable
upon annealing, whereas the mid-thickness and inner surfaces illustrated a stronger Φ = 0° ﬁbre (Fig. 10b,14). Although this is known to
be a feature of dynamic recrystallisation during hot rolling [24], this is
not the case here since one would expect to see such eﬀects on the outer
surface where a higher stored energy is present. The argument on heat
eﬀects being responsible for this ﬁbre in as-ﬂow formed samples is
dismissed on the grounds of suﬃcient coolant ﬂow during the process
and the very low temperature of the ﬁnal product immediately after the
end of the forming operation. It is believed that the temperature cannot
increase substantially to cause such texture changes that are comparable to exposures of several minutes at 700 °C.
On the other hand, extended annealing for 24 h weakened the
texture due to extensive recrystallisation, as concluded by the much
reduced hardness value (Fig. 10a) although the γ-ﬁbre remained
relatively strong. In addition, a texture component near {113} < 1–
10 > increased at the expense of all the main ﬂow formed ﬁbres
(Fig. 14). Such a component is also seen in rolling textures directly on
the < 110 > ﬁbre [24]. In the ﬂow formed and annealed conditions it
appears at an angle of φ1 = 10° away from the < 110 > axis. This slight
rotation is potentially an eﬀect of the imposed shear.
5. Conclusions
Textures in ﬂow formed Cr-Mo-V ferritic steel tubes were investigated
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