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Abstract: Co-deformation of Al and Ti by accumulative roll bonding (ARB) with intermediate heat
treatments is utilized to prepare multi-layered Ti/Al sheets. These sheets show a high specific
strength due to the activation of various hardening mechanisms imposed during deformation, such
as: hardening by grain refinement, work hardening and phase boundary hardening. The latter
is even enhanced by the confinement of the layers during deformation. The evolution of the
microstructure with a special focus on grain refinement and structural integrity is traced, and the
correlation to the mechanical properties is shown.

Keywords: accumulative roll bonding; Ti/Al multi-layered composites; grain refinement;
microstructure; mechanical properties

1. Introduction

Light weight materials are in the focus of the development of novel structural materials, as
they bear the potential to reduce the energy consumption in mobile applications while retaining the
functionality. There are numerous approaches to obtain materials with a high specific strength. On the
one hand, novel steels are developed to complement the most dominant class of structural materials
and to extend their field of usability to light weight applications [1–3]. On the other hand, the “classic”
light weight materials for structural applications with densities below 4.5 g/cm3, such as Ti, Al, Mg
and their alloys, are optimized with respect to strength. For this purpose, various means are utilized,
including alloy design and the development of novel processing techniques [4–6]. The latter also

Metals 2016, 6, 30; doi:10.3390/met6020030 www.mdpi.com/journal/metals

http://www.mdpi.com/journal/metals
http://www.mdpi.com
http://www.mdpi.com/journal/metals


Metals 2016, 6, 30 2 of 14

involves non-common deformation techniques, such as the application of severe plastic deformation
(SPD) [7–11] or co-deformation of at least two different materials [12–16].

Co-deformation of two metallic materials, such as Al and Ti, bears the potential to gain improved
material properties regarding strength and formability. Both material properties are strongly linked
to the microstructure. Their evolution including the formation of texture in these materials represents
the key aspect in developing materials with superior properties. In recent years, it has been shown
that cold working to large plastic strains can impose ultra-fine grained microstructures [17–19] or
even microstructures with features being in the nanometer range [20–22]. The small grain sizes, fine
dislocation networks and/or small precipitates cause a significant contribution to the mechanical
strength according to Hall–Petch-type, work and precipitation hardening, respectively [8,23–25].
When applied in combination, these hardening mechanisms may even have a synergetic strength
effect. When co-deformation is applied repetitively, as is the case for accumulative roll bonding
(ARB) [26–28] and for accumulative swaging and bundling (ASB) [16,29–33], the density of phase
boundaries increases with applied bonding or bundling cycles, respectively. The increasing number
of phase boundaries is beneficial for two reasons. First, the phase boundary itself represents a
barrier for dislocation movement [34]. Secondly, these phase boundaries limit possible grain growth.
After deformation to very large plastic strains, the multi-phased materials have a mean phase
boundary distance in the the sub-micrometer-range. These materials also show considerable strength
at elevated temperatures when grain growth occurs in at least one phase, as grain growth is limited
to the distance of the phase boundaries. Summarizing, high densities of grain and phase boundaries
significantly contribute to the strength of metallic composites.

Although it has already been shown that Ti/Al composite sheets can be obtained by ARB [35–40],
this process remains difficult. A crucial issue is to retain individual continuous layers within the
composite during accumulative deformation. Once the Ti layers are strain hardened beyond a
certain limit, their formability is negligible when compared to the Al sheets. Consequently, necking
of the Ti layers is observed, and the stretched Ti pieces remain rather stable in size within the
continuously-deforming Al matrix [36,41–43].

In contrast to this, the individual Ti and Al layers remain stable when an intermediate
heat treatment (IHT) is applied between the rolling cycles. After eight ARB + IHT cycles, a
fine multi-layered composite sheet is obtained. With respect to grain refinement, IHT is
counter-productive, as it may cause recovery, recrystallization and grain growth. Consequently, a
highly strengthened light weight material cannot be achieved with this procedure. In addition, it is
necessary to emphasize that the individual layers become wavy with increasing deformation strain,
i.e., the number of ARB cycles, which has been considered as a consequence of the evolution of the
texture within the layers [44,45].

To avoid necking, a high work hardening rate and a low strength level are necessary. During the
first ARB cycle, these conditions are met, but already for the second cycle, the work hardening ability
of Ti is already saturated and, thus, may be responsible for the necking of the Ti layers. An annealing
treatment at 723 K for 90 min under vacuum conditions between each ARB cycle lowers the strength,
and the strain hardening ability is restored. Optimum strain hardening conditions would possibly be
restored above the transus temperature of Ti. However, this is not possible to apply to the composite,
as this temperature is above the melting temperature of Al.

At elevated temperatures, successful roll bonding of Al can be achieved using a lower thickness
reduction. It can be expected that this would result in reduced necking of the Ti layers. However, the
reduction of strength with rising temperature is less pronounced in Ti than in Al. Alternatively, the
arrangement of rolls and the geometry of the rolling gap can be altered. In contrast to a four high
rolling mill, which is symmetric with respect to the sheet plane, trio rolling with different sizes of the
upper and lower rolls is asymmetric. Even in the case when the excenter velocities of the upper and
lower rollers are identical, the difference in diameter causes shearing in the deformation zone and,
thus, eases bonding and reduces necking. This second possibility of controlling the homogeneity
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of the layers’ appearance is addressed in Part B of the present study (Ti/Al Multi-Layered Sheets:
Differential Speed Rolling). This article addresses the influence of ARB on the microstructure,
as well as on the appearance and faults of the individual layers; four different solutions to
receive finely-layered Ti/Al composite sheets by ARB are discussed: the effect of intermediate heat
treatments, temperature, strain rate and that of the confinement in the deformation zone.

2. Experimental Section

ARB was performed on a stack of five layers composed of pure Ti (99.995%) and the aluminum
alloy AA5049 (Al, 2% Mg and 0.8% Mn; in the following referred to as Al) sheets with a thickness
of 1 mm each. This stack (Al-Ti-Al-Ti-Al) with an initial height of 5 mm was reduced by 50%
in thickness within one single rolling pass. Subsequently, the sheets were cut in length into
two pieces, wire-brushed after cleaning with ethanol, stacked and further roll bonded. The ARB
cycles were repeated up to eight times. To investigate the effect of rolling speed on the formation of
the microstructure, two series of sheets have been produced with different rolling speeds. Some sheets
have been intermediately heat treated at 723 K for 90 min under vacuum conditions (p ≤ 10−5 mbar).
The deformation rate was determined from the rolling speed assuming constant rolling speed and
neglecting shear deformation.

The influence of temperature on ARB was studied for the second and fourth ARB cycle.
The initial bonding has always been performed at room temperature (RT). For ARB at elevated
temperature, the rolls were heated up to 573 K. The temperature at which the samples have been
heated before rolling varied from RT to 573 K.

The microstructure has been observed by scanning electron microscopy (SEM, Zeiss Microscopy,
Jena, Germany) and electron backscatter diffraction (EBSD, Oxford Instruments, Abingdon, UK) after
metallographic preparation, described in detail elsewhere [43]. EBSD measurements were done in
the upper third of the single material sheets and the 160-layer composite sheets. In the 5-layer sheets,
EBSD maps were measured within the top layer (aluminum) and the second-top layer (titanium).
The step size for EBSD mapping was 200 nm and 40 nm for Al and Ti, respectively. Areas separated
by grain boundaries with misorientations of more than 15◦ are considered as grains. The grain size
is given as the median number-weighted and the median area-weighted grain size. The first metric
captures predominantly small grains, the second measures particularly large grains, especially in
wide spread grain size distributions. Consequently, two values are obtained on the same data,
representing lower and upper bounds for the grain size. The latter method implies that 50% of the
cross-sectional area is covered by grains with a size larger than the median value. The advantage of
this procedure is that the sensitivity to detect changes in the grain size distribution is enhanced, and
the effect of rolling on the microstructure can be traced more easily. EBSD also provides information
about the orientation distribution in a generally small area of the sheets, i.e., the local texture with a
poor statistic is reflected.

Tensile tests were carried out at RT at a constant strain rate of 0.01 s−1 utilizing an
electro-mechanical Instron 8562 testing machine. The geometry of the test specimens is shown in
Figure 1. The thickness of the tensile test specimens varied, as the samples were cut from the as-rolled
sheets. The initial sheets had a thickness of 1 mm, and the sheets that have been subjected to ARB
had a thickness of about 2.5 mm.

Figure 1. Geometry of the samples used for tensile tests. Dimensions are provided in mm.
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3. Results and Discussion

3.1. Intermediate Heat Treatment

Roll bonding of five sheets with a thickness reduction of 50% does not significantly affect the
grain size. Therefore, the effect of further processing by ARB is addressed in the following. Figure 2
shows the layer and phase distribution of Ti/Al composites after different ARB cycles. It can be seen
that the Ti layers (bright grey) are not continuous anymore after four or more ARB cycles at room
temperature and no IHT applied. Under the mentioned conditions, Al layers remain continuous.
Therefore, they are capable of the observed plasticity. Further argument for this assumption is taken
from the layer thickness: Al layers are thinner than the Ti layers, although their initial thickness was
the same. Furthermore, the Al flows in between the Ti flakes. Both features support the conclusion
that the Ti layers are locally sheared in bands, but not continuously thinned. Indeed, the Ti flakes do
not show a considerable change in their size with further deformation.

(a) (b)

(c) (d)

ND

RD

Figure 2. SEM micrographs showing the longitudinal cross-section of Ti/Al composite sheets after
accumulatively roll bonding a five-layered composite, i.e., after the first (a), second (b), fourth (c) and
sixth (d) accumulative roll bonding (ARB) cycle (no intermediate heat treatment (IHT) was applied).

Nevertheless, the mechanical properties of the five-layered composite, as well as the further ARB
processed composite are investigated. Figure 3 shows the evolution of the mechanical properties with
respect to the number of ARB cycles.

Roll bonding of three Al and two Ti sheets to the five-layered composite (i.e., the first ARB cycle)
causes a remarkable decrease of the plastic strain when comparing the composite to pure Ti. This
decrease is still significant, but less pronounced when comparing the composite to pure Al. This
processing step on the other hand leads to an increase of yield and ultimate tensile strength by a factor
of about two. Further processing by ARB does not change the mechanical properties significantly,
which is mainly attributed to the discontinuous layers. The work hardening ability of Ti reaches its
limit; therefore, the contribution to strain of Ti is shrinking. Furthermore, Al shows dynamic recovery
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during further processing. Thus, this processing route is not promising for obtaining ultra-fine
grained materials with a large number of interfaces, as at a higher number of ARB cycles, the Ti flakes
produced are circumvented by Al flow, as can be seen from the similar SEM micrographs obtained on
sheets being deformed with four and six ARB cycles (Figure 2c,d). In order to retain the formability
of the Ti-layers within the composite, IHTs have been introduced after each roll bonding step. These
IHTs were performed at 723 K for 90 min under vacuum conditions (p ≤ 10−5 mbar) and are applied
to retain the formability of the composite. Furthermore, the individual Ti layers remain continuous
during the ARB cycles. The corresponding layer structures are shown in Figure 4.
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Figure 3. Engineering stress-strain curves of the five-layered Ti/Al composite accumulatively roll
bonded with up to five cycles without intermediate heat treatments (a) and ultimate tensile strength
(σUTS), yield strength (σy) and plastic strain (ε) of Al (half open symbols), Ti (open symbols) and the
five-layered composite (filled symbols) (b).

Unfortunately, the IHT causes recrystallization of the Al, as well as recovery of the Ti.
These processes are reflected by the grain size. Figure 5 shows the evolution of the grain size within
the Ti and Al layers during processing by ARB. In order to make this evaluation comparable to others,
the weighting methods described in the Experimental Section have been applied.

Without IHT, the mean grain size of both phases is lowered during ARB. This reduction is
pronounced within the first to third ARB cycle. Subsequent ARB cycles lead to a steady state of
the grain size in the sub-micrometer range.

The grain sizes are also determined after each ARB cycle before and after additional IHTs
(pre-IHT and post-IHT). The grain size is larger in the heat-treated samples due to grain growth.
Additional ARB does not reduce the grain size to the condition observed without IHTs.

Anyhow, the change in grain size due to the deformation by ARB with and without IHTs
is small in the present case. Therefore, it is quite expectable that the mechanical strength of the
composites remains at a comparable level. The tensile properties of the Ti/Al composites as prepared
by increasing ARB cycles with intermediate heat treatments are shown in Figure 6.
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(a) (b)
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Figure 4. SEM micrographs showing the longitudinal cross-section of the layer structure of a
Ti/Al composite sheets after accumulatively roll bonding a five-layered composite after the first (a),
second (b); fourth (c), sixth (d) and eighth (e) ARB cycle with IHTs being applied.

The engineering stress-strain curves reveal ultimate tensile strength values ranging from
375 MPa to 406 MPa. In contrast to the common strength values of the composites, a different behavior
is observed for the plastic strain. After the first ARB cycle, the stress-strain curve shows the maximum
strength and an uniform elongation of about 3%. Further straining causes remarkable jumps in
the stress-strain curve, which are related to the failure of the individual layers of the composite.
Obviously, the bonding between these layers is not sufficient at this stage of deformation. Already
after the next ARB cycle, just one single step remains visible, indicating that bonding has improved.

The reason for the disappearing of the steps in the stress-strain curve is related to the processing
of the composites. In the first ARB step, the Ti and Al layers have to be roll bonded. This is the
most difficult processing step of the Ti/Al composite materials. Later ARB cycles only bond outer
Al layers, which is much easier. The inner Ti/Al interfaces become more perfect during each rolling
cycle, and thus, their bonding strength further increases.

Considering a Ti/Al five-layered composite after the first ARB cycle: when the first layer fails,
the fracture toughness of the composite has been reached, causing macroscopic fracture. With further
ARB cycles, the number of layers increases. The failure of an individual layer does not cause the
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shear strength to be larger than the fracture stress, and consequently, the observed plastic strain
is larger. This situation, however, changes again with further deformation by ARB, as a further
reinforcement caused by the improvement of the bonding strength of the interface due to further
rolling is observed. As a consequence, a reduction of the plastic strain is gained. Hence, optimum
plasticity is observed for the composite with stabilized interfaces and a certain, but not too small
number of layers. A further enlargement of the number of individual layers would not be beneficial
with respect to the plasticity at this processing step, unless the material shows a grain size in the
nanometer range [7,19,46].
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Figure 5. Grain size within the Ti (upper row) and Al layers (lower row) after ARB at room
temperature (left), as well as with IHTs applied (right). In the latter case, the grain sizes are provided
after the ARB cycles before (pre-IHT) and after IHT (post-IHT). The grain sizes were evaluated by
both number and area weighting.
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Figure 6. Engineering stress-strain curves of the five-layered Ti/Al composite accumulatively roll
bonded with up to six cycles, including intermediate heat treatments (IHT) (a) and ultimate tensile
strength (σUTS), yield strength (σy) and plastic strain (ε) of Al (half open symbols), Ti (open symbols)
and the five-layered composite (filled symbols) (b).
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3.2. Deformation Speed

ARB has also been performed at different strain rates, established by varying the rolling velocity.
Here, results for strain rates of 5.3 s−1 and 23.4 s−1 are discussed. Figure 7 shows the corresponding
layer structure obtained after four ARB cycles. It is observed that slow rolling results in enhanced
necking of the Ti layers. The grains within Al and Ti are elongated in the rolling direction.

(a) (b)

ND

RD

Figure 7. Micrographs showing the longitudinal sections of five-layered composites after four ARB
cycles; rolling with a strain rate of 23.4 s−1 (a) and 5.3 s−1 (b).

As discussed by Emmens [47], work hardening delays or avoids necking. The effect is more
pronounced if the strain rate sensitivity is high, because the necked regions deform with a higher
strain rate compared to the rest of the material. Therefore, the necked material is hardened and
consequently becomes less deformed. According to this observation, the strain rate sensitivity for
Ti is higher for the strain rate of 23.4 s−1 than for 5.3 s−1. Consequently, less necking occurs
for deformation at large strain rates. Combining IHT and a high strain rate enables more stable
deformation conditions, yielding a laminar structure after eight ARB cycles. The microstructure of Al
contains a small number of elongated grains, while the majority of the grains is equiaxed. The grain
size of most grains is limited by the layer thickness. The Ti grains are smaller than the layer thickness.
There is also a mixture of elongated and equiaxed grains, as shown in Figure 8.

001 101

111
Al

0002 1210

0110Ti

(a) (b)

ND

RD

Figure 8. Electron backscatter diffraction (EBSD) maps of a five-layered composite sheet after eight
ARB + IHT cycles. The maps are separated for Ti (a) and Al (b). The color code describes the crystal
orientation in the rolling direction according to the inverse pole figure maps (shown leftmost for the
cubic (Al, upper part) and hexagonal case (Ti, lower part)).
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3.3. ARB at Elevated Temperatures

ARB has also been performed at elevated temperatures. For this purpose, two five-layered
composites that were roll bonded at RT were further rolled at higher temperatures. It turned out
that this condition requires a modification of the applied strain, as thermal softening is superimposed
by strain hardening. The applicability of the process is evaluated after the second ARB cycle.
The corresponding results are summarized in Table 1. Micrographs of the corresponding layer
structures are shown in Figure 9 for the case of successful processing.

40% 50%

300 K
(a) (b)

473 K
(c) (d)

573 K
(e) (f)

ND

RD

Figure 9. SEM micrographs showing the layer structure of a five-layered composite roll bonded with
a single ARB cycle at elevated temperatures. The sheets are rolled with a 40% (a,c,e) or a 50% (b,d,f)
thickness reduction during the second cycle.
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Table 1. Overview of elevated temperature ARB.

Temperature
Thickness Reduction

30% 40% 50%

RT no bonding weak bonding strong bonding
laminar layers necking of Ti

473 K no bonding sufficient bonding strong bonding
laminar layers necking of Ti

573 K no bonding sufficient bonding sufficient bonding
laminar layers necking of Ti

A thickness reduction of 30% is not sufficient for roll bonding independent of the working
temperature. In contrast, a thickness reduction of 40% is sufficient for bonding, although the bonding
strength may be very weak, as in the case of RT deformation. A thickness reduction of 50% yields
strong bonding, but also necking of the Ti layers, as shown in Figure 9. Since roll bonding with 40%
thickness reduction has been found as most successful, it is used for the following ARB cycles, as well.
Further ARB cycles cause deformation localization, as well as the formation of necks, which is found
to be independent of temperature. The necks show a random spatial distribution (not shown here).

An increase in rolling temperature facilitates roll bonding of Ti/Al composites at a lower
thickness reduction than 50%, which is generally used in ARB processes. At elevated temperatures,
Al becomes significantly softer, and therefore, the difference in yield stress between the Al and Ti
increases. The deformation becomes unstable and, consequently, results in an increasing number of
necks of the Ti layers. By reducing the applied strain, necking can be reduced, but not excluded.
Although the second ARB cycle at elevated temperatures has been successful, further processing
results in necking of the Ti layers.

3.4. Asymmetric ARB

Asymmetric ARB has been accomplished by means of a four high rolling mill and also with
the help of a trio mill. The latter has an asymmetric geometry with respect to the sheet plane,
as the working rolls have different diameters, but are operated at the same velocity of the surface.
Therefore, the deformation zone is additionally subjected to shear deformation. In order to evaluate
the effect of the asymmetric rolling geometry, a sheet obtained from three ARB cycles has been rolled
in different rolling mills. Asymmetric rolling has been performed at a trio rolling mill. The diameters
of the working rolls were 235 and 290 mm, respectively, and the surface velocity has been set to
3 m/min. The comparative symmetric rolling has been realized utilizing a four high rolling, whose
working rolls had a diameter of 110 mm, operated with a surface velocity of 3.5 m/min.

Figure 10 shows the arrangement of the different metallic phases in the cross-section (layer
structure) after the fourth ARB cycle with different conditions being applied. It has been found that
trio rolling results in a more pronounced necking of the Ti layers.

Thus, at a 50% thickness reduction per cycle, trio rolling is detrimental to achieve continuous
lamellar sheets. However, trio rolling enables roll bonding with a 45% thickness reduction, which
is not possible by means of a symmetrical four high rolling mill. In order to quantitatively
assess the effect of the thickness reduction under asymmetric rolling conditions, a composite was
accumulatively roll bonded utilizing a trio mill with a thickness reduction of 50% at each of three
cycles with an IHT at 823 K for 90 min being applied after each cycle. In the fourth rolling cycle,
the thickness reduction was varied stepwise. Thus, all different deformation states used for further
analysis are obtained from one single sheet.

At a reduction of less than 45%, the single sheets do not bond. Between 45% and 50%, the number
of necks significantly increases with thickness reduction, as shown in Figure 11. Further thickness
reduction does not change the number of necks anymore, but increases the fraction of completely
separated layers. However, in comparison to processing with a four high rolling mill, the amount of
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separated necks shrinks from 0.4 mm−2 to 0.1 mm−2. Thus, a low thickness reduction is beneficial for
the homogeneity of the deformation process.

(a) (b)

ND

RD

Figure 10. Cross-section of the layer structure after four ARB cycles in a trio (a) and four high rolling
mill (b).
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Figure 11. Density of necks and separated necks of a Ti/Al composite sheet after four ARB passes in
a trio rolling mill in dependence of the thickness reduction during the last rolling cycle.

4. Summary

Sheets composed of a high number of alternating Ti and Al layers have been successfully
prepared by accumulative roll bonding. In order to keep individual continuous layers, necking
occurring predominantly in the Ti layers has to be prevented. This study demonstrated that this
is feasible if the applied thickness reduction per rolling step is lowered or if the work hardening rate
is increased.

A lower thickness reduction can be achieved by rolling at elevated temperatures and,
alternatively, by incorporating a shear component within the deformation zone by utilizing a trio
mill. A higher work hardening rate can be achieved by an increased rolling velocity. However, this
only works for a high strain rate sensitivity of the Ti layers, which lowers with increasing strength. As
a consequence, in order to maintain the low strength and high strain rate sensitivity in the Ti layers,
the composites have to be thermally treated after each single ARB cycle. Hence, to obtain materials
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with a high specific strength strain, hardening of the composite cannot be achieved while the process
demands for continuous layers.
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