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Heterogeneous-lamella-structured Fe-Cu composites were fabricated using powder metallurgy, displaying an
inverse “banana” curve between the strength and ductility. The density of domain interfaces and the strength
difference between hard and soft domains can be tuned independently, providing a promising way to further
study the hetero-deformation induced strengthening mechanisms of heterogeneous-lamella-structures.

1. Introduction

Heterostructured (HS) materials, defined as materials containing
domains with dramatic strength difference [1], have attracted extensive
attention in the materials community, due to their superior combination
of strength and ductility. Several groups of materials are considered as
HS materials, including materials with gradient structure [2-4], har-
monic structure [5,6], heterogeneous lamella structure (HLS) [7,8],
bimodal structure [9,10], dual-phase structure [11,12] and laminate
structure [13-15]. Among these heterostructures, HLS is considered as
the near-ideal structure for superior mechanical performance and has
potential for large-scale engineering applications [1].

The fundamental physics that renders HLS materials superior me-
chanical performance is their ability in producing synergistic strength-
ening induced by hetero-deformation induced (HDI) stress and extra
strain hardening (HDI hardening) [16,17], both of which are highly
dependent on the heterostructure. It is the heterostructure that leads to
the hetero-deformation, producing HDI stress near the domain interface,
which produces the synergistic strengthening and the HDI hardening.
There are three main heterostructural parameters that significantly
affect the synergistic strengthening and HDI hardening, and conse-
quently affect the mechanical performance of HLS materials. They are
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density of domain interfaces, strength difference between hard and soft
domains and the geometries of soft domains. Thus, to further study the
hetero-deformation induced strengthening mechanisms of HLS mate-
rials and to optimize their mechanical performance for engineering
applications, it is critical to tune HLSs with these three aspects. How-
ever, so far, HLSs are formed during annealing through partial recrys-
tallization or through phase transformation [7,8]. The formation of HLSs
is sensitive to the plastic deformation before annealing and to the
annealing conditions. The amount and the geometries of as-formed soft
domains, as well as the strength difference between hard and soft do-
mains, are always associated with each other and change simultaneously
during annealing, making it very difficult to independently tune these
heterostructural parameters. Thus, new approaches for fabricating HLS
materials need to be explored to tune the heterostructure.

Powder metallurgy is a mature materials processing technique that
can be easily utilized in the laboratory or at industrial scale. With the
development of sintering techniques, various metallic materials,
including alloys, metallic glass and nanocrystalline metallic materials,
have been successfully fabricated by powder metallurgy [18-21].
Logically, it should be a promising technique for fabricating HLS ma-
terials. In this paper, we present a new strategy to produce HLS materials
using powder metallurgy and subsequent thermal-mechanical processes.
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The as-produced HLS Fe-Cu composites possess a superior combination
of strength and ductility (an inverse banana curve), as compared with
the pure iron counterpart. Moreover, the density of Fe-Cu domain in-
terfaces was tuned independently without affecting the strength differ-
ence between hard iron and soft copper domains.

2. Experimental procedure

Commercial copper (99.9 wt%) and iron (99.9 + wt%) powder were
mixed with three volume fractions of copper powder (15%, 30% and
40%) and were compacted into ®10 x 1.2 mm disks under 4 GPa for 1
min. The disks were sintered at 1050 °C for 2 h under a reducing at-
mosphere (95% Nitrogen and 5% Hydrogen) in a tube furnace and were
cooled down first to 600 °C with a cooling rate of 2 °C/min and then to
ambient temperature with the furnace. Before cold rolling, the as-
sintered disks were mechanically polished to a near-mirror finish. A
total thickness reduction of ~81% (from 1.1 mm to 0.2 mm) was ach-
ieved after multi-pass cold rolling, and in each pass the reduction was
~0.1 mm. As-rolled plates were finally annealed at 360 °C for 30 min.
Pure iron samples made of the same iron powder were also produced
with the same procedure for comparison. Microstructures were char-
acterized by using a Zeiss optical microscope and an FEI Quanta 3D FEG
instrument with Ion Channeling Contrast Microscopy (ICCM) and elec-
tron backscatter diffraction (EBSD). Vickers hardness was measured by a
Mitutoyo hardness tester (HM112). Dog-bone shaped samples with
gauge dimensions of 0.2 x 2.5 x 10 mm? were cut from the center of the
as-annealed plates for uniaxial tension and loading-unloading-reloading
(LUR) tests.

3. Results and discussion

In the following, HLS Fe-Cu samples with x% (vol.) copper volume
fraction are labeled as Fe-xCu, including Fe-15Cu, Fe-30Cu and Fe-40Cu.
Fig. la—c shows the cross-sectional optical micrographs of Fe-15Cu, Fe-
30Cu and Fe-40Cu samples. The color contrast clearly indicates that

elongated copper domains are embedded in iron matrix along the rolling
direction. With more copper powder added, the density of Fe-Cu domain
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interfaces becomes larger. It should be noticed that, due to the clustering
of copper domains, the density of Fe-Cu domain interfaces does not in-
crease linearly with increasing the volume fraction of copper powder.
The Vickers hardness results (Fig. 1d) reveal that the hardness of both
iron and copper domains almost remains unchanged in all three HLS Fe-
Cu composites, indicating that the strength difference between hard iron
and soft copper domains stays the same. The hardness of iron domains in
HLS Fe-Cu samples is slightly higher than the hardness of pure iron
samples, which is caused by the strengthening induced by copper pre-
cipitation [22,23].

Fig. 2a—c are ICCM images (along the rolling surface) showing mi-
crostructures of HLS Fe-Cu samples. In all Fe-Cu samples, the iron do-
mains are coarse-grained, while the copper domains are fine-grained
with an average grain size of about 1 pm. These microstructural images
support the hardness results shown in Fig. 1d, suggesting that the me-
chanical properties of iron and copper domains do not change with
increasing copper contents. In the magnified EBSD image (Fig. 2d),
sharp and void-free Fe-Cu interfaces are shown between iron and copper
domains, indicating a good sintering finish. Iron precipitation can be
found at copper grain boundaries, which hinders the grain growth of
copper, keeping the grain size around 1 pm after annealing at 360 °C.
Several iron-rich zones at copper grain boundaries are circled in Fig. 2d.
Likewise, there are also some copper precipitates near the grain
boundaries in iron domains.

Fig. 3a shows the engineering strain-stress curves of pure iron sam-
ples and HLS Fe-Cu samples. As shown, the pure iron sample (with a
uniform elongation ~1.4%) starts necking soon after yielding at 580
MPa. To estimate the mechanical properties of iron domains in HLS Fe-
Cu samples, the pure iron samples were processed the same way as the
HLS samples. And the precipitation of copper in iron domains, which
approximately leads to a strength increment of 60 MPa, based on the
Vickers hardness results, has negative impact on the ductility [22].
Therefore, the yield strength and the uniform elongation of iron domains
in HLS Fe-Cu samples can be estimated as ~640 MPa and less than 1.4%
respectively. The yield strength and the uniform elongation of copper
domains are estimated as ~260 MPa and ~12% respectively, based on
their grain sizes [24,25]. Although the precipitation of iron also
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Fig. 1. (a—c) Optical micrographs (cross-sectional view) for Fe-15Cu, Fe-30Cu and Fe-40Cu heterogeneous-lamella-structured samples, respectively; (d) Vickers
microhardness measured on pure iron samples and the Fe and Cu domains, using a load of 10 g.
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Fig. 2. (a), (b) and (c) ICCM images of as-processed Fe-15Cu, Fe-30Cu and Fe-40Cu samples. (d) EBSD observation of the iron/copper interface in Fe-40Cu sample.
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Fig. 3. (a) and (b) Engineering strain-stress curves and strain hardening curves of pure iron and Fe-15Cu, Fe-30Cu and Fe-40Cu HLS samples. (c) Comparison of the
strength and ductility between Fe-Cu HSL samples and homogeneous IF steel samples [4].

strengthens copper domains, its impact on the global strength is negli-
gible, as copper domains are soft domains in the HLS materials.
Compared with the above estimated mechanical properties of indi-
vidual iron and copper domains, it is obvious that HLS Fe-Cu samples
possess superior combination of strength and ductility, as shown in
Fig. 3a. The advantage in mechanical performance of HLS Fe-Cu samples
is further demonstrated by a comparison with the strength-ductility
relationship of homogeneous IF steels [4]. As shown in Fig. 3c, the IF
steel exhibits a typical banana curve with a significant tradeoff between

strength and ductility, while the HLS Fe-Cu composites show an inversed
banana curve. The outstanding combination of strength and ductility is
attributed to synergistic strengthening and HDI hardening. During
deformation of HLS Fe-Cu samples, soft copper domains first start
yielding, while hard iron domains remain elastic. This is a
hetero-deformation scenario where copper domains accommodate more
strain than iron domains. A plastic strain gradient is then produced in
the soft copper domain near the Fe-Cu domain interface, as the strain
needs to be continuous among iron and copper domains. The plastic
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strain gradient is accommodated by geometrically necessary disloca-
tions (GNDs), which produce back stress in soft copper domains to make
copper domains appear stronger and forward stress in hard iron domains
that makes iron domains appear weaker. The interaction between the
back stress and forward stress is not a zero-sum game and produces HDI
stress to increase the global yield strength of HLS Fe-Cu composites.
After the whole HLS sample yields, soft copper domains sustain much
higher strain than hard iron domains [7,26,27], producing plastic strain
gradients near Fe-Cu domain interfaces. The plastic strain gradients
become larger as the strain partitioning increases, producing extra work
hardening induced by the hetero-deformation. Based on the Considere
criterion, necking starts when the work hardening rate is lower than true
flow stress, i.e. do/de < 6, where ¢ is true stress and ¢ is the true strain. In
Fig. 3b, with the extra work hardening, the HLS Fe-Cu composites sus-
tain high strain hardening rate at higher applied strain than pure iron
samples, which delays the initiation of necking and thus helps with
improving uniform elongation (ductility).

LUR tests were conducted to further probe the impact of synergistic
strengthening and HDI hardening on the mechanical performance of
HLS Fe-Cu composites. Fig. 4a shows true LUR strain-stress curves of Fe-
Cu HLS samples, and the typical hysteresis loops extracted from Fig. 4a
are compared in Fig. 4b. Fe-Cu HLS samples with higher volume frac-
tions of copper have wider hysteresis loops, suggesting a stronger Bau-
schinger effect. HDI stress (ompr) is deduced from the hysteresis loops
(Fig. 4a) using the method that was used to measure “back stress” [28]:

o, + 0,
OHDI =7

> (€8]

where ¢, is the unloading yield stress, and o, is the reloading yield stress.
The yield points in unloading and reloading half circles are determined
by a plastic strain offset of 5 x 10~* from the elastic limits. The as-
calculated HDI stress is shown in Fig. 4c. The HDI stress increases
rapidly at the earlier strain stage and then it slows down with increasing
applied strain. The proportion of HDI stress accounts for ~56% of the
total flow stress in Fe-15Cu samples and rises to ~65% in Fe-40Cu
samples, suggesting that the HDI stress makes major contribution to
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the high flow strength of HLS Fe-Cu composites and the contribution
becomes larger with higher volume fractions of copper. Comparing the
HDI hardening (Fig. 4d) with the total strain hardening (Fig. 3b) sug-
gests that the extra strain hardening of HLS Fe-Cu composites during
plastic deformation can be mainly attributed to HDI hardening [16,17].

Contributions of both HDI stress and HDI hardening to the me-
chanical properties of HLS Fe-Cu composites are enhanced with
increasing volume fraction of copper. The reason is that adding more
copper increases the density of Fe-Cu domain interfaces, producing more
areas for GNDs to pile up. It is the GND piling-up that induces HDI
strengthening and hardening [16,17,28,29]. As mentioned above, the
strength difference between iron and copper domains almost remains
the same with varying the density of Fe-Cu domain interfaces. Therefore,
it does not affect the synergistic strengthening and HDI hardening in this
study.

4. Conclusions

In summary, heterogeneous lamella-structured Fe-Cu composites
were produced by powder metallurgy and subsequent thermal-
mechanical treatments. Superior mechanical properties of high
strength and high ductility were obtained with the heterostructure. It is
revealed that the extra strengthening and extra strain hardening are
attributed to HDI strengthening and hardening. And their contributions
become stronger with increasing the density of Fe-Cu domain interfaces.
The density of Fe-Cu domain interfaces was tuned by changing the
volume fraction of copper, which has negligible impact on the strength
difference between iron and copper domains. This study shows that
there is a promising way to produce HLS material with tunable hetero-
structures by powder metallurgy.

Data availability statement
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be shared at this time as the data also forms part of an ongoing study.
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