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Abstract: The combination of strength of transformation-induced plasticity (TRIP) steel and ductility
of twinning-induced plasticity (TWIP) steel can be achieved by manufacturing laminated composites
via cold roll bonding (CRB). Work hardening of the surface before CRB produces deformation lenses
(DLs), which play significant role in bonding, but are reported rarely in the literature. The present
work aimed to study the DLs at the bonding interface of the laminated composite made of high-alloy
TRIP and TWIP steels manufactured by CRB. The DLs and interfaces were investigated by means
of scanning and transmission electron microscopy, roughness measurement, tensile and peel tests.
Laminates showed ultimate tensile strength up to 900 MPa and elongation up to 45% maintaining the
layer’s integrity up to failure. The TWIP–TWIP interface has shown higher maximum peel strength
(up to 195 N/cm) than that of a TRIP–TWIP interface (up to 130 N/cm), which was found to be
in direct proportion to the overall area of DLs. Bonding of the laminate layers was found to occur
between DL fragments.

Keywords: deformation lens; cold roll bonding (CRB); laminated metal composite (LMC); twinning
induced plasticity (TWIP) steel; transformation-induced plasticity (TRIP) steel

1. Introduction

Continuously increasing material demands for lowering fuel consumption, reducing
air pollution while keeping high mechanical properties have stimulated the development
of advanced high-strength steels (AHSS) [1]. Already three generations of different AHSS
are present, exploring one of the most beneficial microstructural effects of steels (and not
only), which are transformation-induced plasticity (TRIP), and twinning-induced plasticity
(TWIP). While steels with TWIP effect are remarkably ductile at low work hardening, reach-
ing 100% elongation and beyond [2], TRIP effect significantly increases strain hardening,
which allows a steel to have ultimate tensile strength up to 1.5 GPa, while maintaining
sufficient plasticity [3]. Both effects are closely related to each other and depend on the
stacking fault energy (SFE) and phase stability, which can be controlled by tuning the chem-
ical composition [4,5]. However, the underlying microstructural processes are significantly
different. Whereas in TRIP steels a strain-induced martensitic phase transformation from
fcc austenite to bcc α’-martensite occurs, in TWIP steels mechanical twinning is the major
deformation mechanism.

Further increase in mechanical properties can be achieved by grain refinement via
severe plastic deformation (SPD) or by composing different steel grades to combine their
strong sides, for instance strength of a TRIP steel with ductility of a TWIP steel. A method,
which combines both approaches is accumulative roll bonding (ARB) [6]. ARB is a repetitive
cold roll bonding (CRB) process in which two sheets of material are joined together by
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rolling with a typical thickness reduction of 50% after appropriate surface treatment [7].
Unlike hot rolling, CRB is conducted at temperatures below recrystallization, resulting in a
grain refinement.

During hot rolling, an oxide film forms on the surface of metals due to thermally
enhanced oxidation and hinders bonding [8]. To remove the oxide film, modern hot roll
bonding methods are conducted under a vacuum [9,10]. In contrast, cold roll bonding (CRB)
does not require a vacuum but does require work-hardening of the surface by brushing
or grinding. The advantage of work-hardening is an earlier onset of adhesion than with
unbrushed surfaces. Brushing also has the function of surface cleaning and activation (i.e.,
increase in surface tension [11]). During roll bonding, the hardened layers break-up and
release the uncontaminated material, which is subjected to adhesive bonding [12]. CRB is
easier, cheaper and allows successful bonding of various alloys, including interstitial-free
steels [13], stainless steels [14] and even alloys of different base metals, such as Fe–Cu,
Fe–Ag, Fe–Al [15], Fe–Ti [16], etc.

Work hardening by brushing is inherently non-uniform and produces deformation
lenses (DLs), which have been known since the 1950s as heavily worked and hardened
fragments of a metal matrix [17]. Since then, papers dedicated to experimental investigation
of laminates manufactured by roll bonding have not mentioned DLs even if the work is
focused on the microstructure [18], or bonding interfaces [8,19,20]. Thus, there is a lack
of experimental investigations on DLs and bonding zones, although the experimental
techniques have been drastically improved during the last 60 years.

The authors of the present working group have recently started to fill this research
gap by investigating the DLs within a bonding layer of high-alloy TRIP and TWIP steels.
The first work by Qiu et al. was dedicated to the first trials of fabrication of the two-
layered TRIP–TWIP composites and their mechanical properties [21]. By observing the
cross sections, it was revealed that the DLs have laminated structure and cannot be indexed
by means of electron back-scattered diffraction (EBSD). The imaging of the steel surfaces
via top-down view did not allow location of the DLs directly after brushing. However, the
fragmented DLs were revealed on the delaminated surfaces after peel tests.

The second work by Seleznev et al. was dedicated to the fabrication of the four-layered
TRIP–TWIP composite and the microstructural evolution of the bonding zone along the
fabrication process [22]. By combining EBSD with energy dispersive X-ray (EDX) analysis,
it was revealed that a DL indeed consists of heavily deformed steel matrix with a structure
of alternating micro-layers of higher and lower oxygen content, but it is not an oxide.
However, when exposed to annealing, the excessive oxygen of DL forms oxides of Mn,
Si, and Cr, changing the structure of a DL to a cluster of sub-micron globular oxides in
the steel matrix. The DLs were found to deform in a brittle manner during a tensile test,
however their role in bonding process was still unclear.

Different authors show similar schematics of the CRB process and refer to the same
process of the interface layer break-up, but do not specify clearly whether it is an oxide
film [16,23], or a hardened layer [14,24]. Thus, it is unclear, which type of material actually
undergoes break-up during CRB. Another uncertainty is the absence of experimental data
on the real three-dimensional distribution of DLs in the interface. Thus, theoretical and
modelling studies are dealing with two-dimensional interpretation of the CRB [12,25].

The aim of the present work is to clarify the above-mentioned uncertainties for CRB
of high-alloy steels with TRIP and TWIP effects, which show the most promising results
when being used for production of laminated metal composites (LMCs) by ARB [26,27].
In particular, Qiu et al. investigated laminates, produced with CRB using two specific
steel grades X5CrMnNi-16-6-6 (TRIP steel) and X5CrMnNi16-6-9 (TWIP steel) [21]. Both
bilayer [21] and four-layer [22] composites of TWIP and TRIP steels have demonstrated
good bonding, and the remarkable combination of high yield strength (up to 1 GPa) and
high ductility (up to 35% elongation). Surprisingly, CRB of a TRIP–TRIP laminate was
unsuccessful, although the difference between used TRIP and TWIP steels is only 3 wt.% of
Ni, resulting, however, in different stacking fault energies and, consequently, in different
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microstructural processes. To reveal the reason for such disparity, a thorough investigation
of the bonding zone and DLs is needed.

Therefore, the DLs in the bonding interface of LMC made of high-alloy TRIP and
TWIP steels by CRB were studied. First of all, the surface microstructure of both steels
was investigated not only after CRB, but also before and after brushing. Then, TRIP–TWIP
and TWIP–TWIP laminates were fabricated using CRB. Mechanical properties of these
laminates were investigated by tensile and peel tests. The microstructure, composition,
shape, size, and distribution of DLs within the bonding zones of LMCs were thoroughly
examined using scanning and transmission electron microscopy. In addition, the roughness
of TRIP and TWIP steel surfaces was measured at each step of manufacturing and after
delamination. Joint analysis of all the obtained data allowed revealing of correlations
between DLs and CRB of TRIP and TWIP steels.

2. Materials and Methods
2.1. Material Properties

Two high-alloy austenitic stainless steels X5CrMnNi-16-6-6 (TRIP steel) and X5CrMn
Ni16-6-9 (TWIP steel)—both provided by ACTech Company, Freiberg, Germany—were
used in the present work. As-cast and solution-annealed plates with dimensions of
340 × 340 × 10 mm3 were milled and cut to 50 mm wide sheets. The chemical com-
position of steel samples is summarized in Table 1, where C and S were analysed via
combustion, Mn by energy dispersive X-ray spectroscopy (EDS), N by melt extraction, and
other elements by spark emission spectrometry.

Table 1. Chemical composition of two steel grades, used in the present study (given in wt.%):
X5CrMnNi-16-6-6 (TRIP steel) and X5CrMnNi16-6-9 (TWIP steel).

Element
wt% C Cr Mn Ni Si N P S Al Co Cu Nb Ti V Fe

TRIP steel 0.022 15.4 5.70 6.49 0.94 0.09 0.0046 0.0064 0.004 0.0043 0.017 <0.005 0.0011 0.01 Bal.

TWIP steel 0.023 16 6.46 9.7 0.98 0.02 0.0037 0.0061 0.033 0.0089 <0.010 0.012 <0.001 0.013 Bal.

The preparation of material and composite manufacturing is shown in Figure 1. The
steel sheets were hot-rolled down to 1.5 mm thickness at 1100 ◦C, recrystallized and solution
annealed at 1050 ◦C for 20 min followed by quenching with He gas. After this, the sheets
were pickled, cleaned, and brushed with a custom-made wire rod brushing machine of
230 mm diameter under 2000 rpm rotational speed, 30 N contact pressure and feed rate of
4 mm/s. Before rolling, the sheets were fixed together by spot welding at one end of the
stack. The stacked sheets were clamped, heated up to 450 ◦C and roll bonded under a load
of 1 MN at a speed of 0.4 m/s with a thickness reduction of 50%.
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2.2. Mechanical Testing

Mechanical properties of the manufactured laminates were investigated using quasi-
static tensile loading and peel testing. To test the quality of the bonding zone under
different directions, miniature tensile specimens (Figure 2a) were cut from the laminate
at three different angles to the rolling direction: 0◦, 45◦ and 90◦ (Figure 2c). In order to
estimate the plastic anisotropy of the fabricated laminates, the plastic anisotropy parameter
r (also known as the Lankford parameter) was calculated for each above-mentioned angle
according to the following equation [28]:

r =
ln b1

b0

ln a0
a1

(1)

where b and a correspond to the width and thickness of the gauge part of the tensile
specimen, respectively. The values before deformation are given on Figure 2a: b0 = 1.8 mm
and a0 = 1.5 mm, whereas the values after the deformation (b1, a1) were measured from the
fracture surfaces of each specimen. Further, mean anisotropy rm and planar anisotropy rp
were calculated according to the DIN EN ISO 10,113 [29]:

rm =
r0◦ + 2r45◦ + r90◦

4
, rp =

r0◦ − 2r45◦ + r90◦

2
, (2)

Quasi-static tensile tests were performed using a miniature screw driven load frame
(Kammrath & Weiss GmbH, Schwerte, Germany) at an initial strain rate of 10−3 s−1.
Engineering strain was measured in situ by digital image correlation (DIC) of the gauge
part of a specimen, grinded with 18 µm grinding paper. After conducting the tensile tests
with at least three specimens per orientation, the following mechanical properties were
calculated: ultimate tensile strength (UTS), elongation to failure (ETF), and 0.2% offset yield
strength (Rp0.2).
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Figure 2. Geometry of specimens in mm for tensile (a) and T-peel (b) testing and their positions with
respect to the rolling direction of the laminate (c).

The bond strength was studied with the T-peel test according to ASTM-D1876-01 [30],
using the T-peel specimen geometry (Figure 2b). Two peel test specimens were cut from
each laminate (Figure 2c) and opened manually to form a T-shape. The peel tests were
performed using a tensile testing machine under a crosshead velocity of 1 mm/min. In order
to evaluate the bond strength two parameters were calculated: maximum peel strength,
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MPS and work of delamination, A. MPS was calculated according to Chen et al. [24], as the
maximum force during peel test divided by the bond width. The work of delamination A
was calculated as an integral under the load (F) vs. displacement (l) curve related to the
overall surface of the T-peel specimen S:

A =
1
S

∫ l f

0
F dl (3)

where lf denotes displacement to failure (full delamination). Despite the fact that such an
estimation of the work of delamination is not fully accurate (the change of the local loading
direction during delamination is not considered), it is adequate and comparable within the
present work.

2.3. Surface Roughness Measurement

Surface roughness parameter Ra was measured using a roughness measuring system
with a white light confocal distance sensor (Breitmeier GmbH, Ettlingen, Germany). At
least three profiles parallel and perpendicular to the RD were acquired from the surfaces of
TRIP and TWIP steels of following conditions:

1. Pickled;
2. Brushed with blunt bristles;
3. Brushed with sharpened bristles;
4. Delaminated after the peel test.

Although the CRB was conducted only after brushing with sharpened bristles, the
difference of the surface roughness after brushing with blunt bristles is of high interest with
respect to the thickness of the work-hardened layer. The length of each roughness profile
was set to 50 mm except profiles perpendicular to RD from the peel test specimens, which
were only 20 mm wide (Figure 2b).

2.4. Microstructure Investigation

Investigations of the microstructure were conducted by means of a MIRA3 scanning
electron microscope (SEM, Tescan, Brno, Czech Republic), including secondary electron
(SE) and back-scattered electron (BSE) imaging, and electron back-scattered diffraction
(EBSD) mapping combined with energy dispersive X-ray spectroscopy (EDS). These SEM
techniques were applied to investigate the microstructures of steel surface cross sections
after brushing, fracture surfaces after tensile and peel tests and DLs. In addition, the
nanostructure of DLs was investigated with a JEM-2200FS transmission electron microscope
(TEM, JEOL, Tokyo, Japan), including selected area electron diffraction (SAED). For this
purpose, a thin lamella was extracted from the DL with focused ion beam (FIB) technique.

2.5. Lens Shape and Distribution Statistics

Some statistical insights can be obtained from the cross sections of bonding zones
within the laminates, such as DL thickness demonstrated on Figure 3a. However, this
information is too scarce, as we observe only a one-dimensional slice of the two-dimensional
interface. To overcome this issue, delaminated surfaces after peel tests were used to
quantitatively estimate sizes and distribution of DLs within the bonding zones of laminates
(Figure 3b). In addition to thickness of DLs tlens, which can be obtained only from a
cross section, an analysis of surfaces after delamination allows measuring of all the other
parameters, such as length llens, width wlens, and total area Alens of DLs. One of the crucial
parameters here is the length of gaps between DLs fragments lgap—these are the areas
where non-contaminated material comes to the surface and forms bonding.



Metals 2022, 12, 590 6 of 18Metals 2022, 12, x FOR PEER REVIEW 6 of 20 
 

 

 

Figure 3. Schematic description of measured lens parameters from the cross section (a) and from the 

interface after the delamination test (b). 

Two surfaces of TWIP steels from delaminated peel test specimens of TRIP–TWIP 

and TWIP–TWIP composition, respectively, were taken for this purpose. The analysed 

areas with the size of 4.3 × 3.2 mm2 were scanned with SEM using BSE imaging and sub-

jected to measurements according to Figure 3b. Statistical data from this analysis shall be 

used also in a future work for bonding modelling according to the work of Schmidtchen 

[11]. 

3. Results 

3.1. Surface Preparation before ARB 

3.1.1. Pickling 

The microstructure of the TRIP and TWIP steels after hot rolling and subsequent heat 

treatment demonstrate full recrystallisation and no signs of strain hardening (Figure 4) 

[22]. Due to pickling the surfaces of both steels are scale- and oxide-free. Shallow etching 

pits are located in the areas where grain boundaries come to the surface. The observed 

surface profile inhomogeneity is expected to influence the resulting thickness of the strain-

hardened layer after brushing. 

 

Figure 4. Surfaces cross section from TWIP (a) and TRIP (b) steels after pickling, obtained from 

polished sections by SEM (SE detector). 

3.1.2. Brushing 

As was mentioned in the introduction, the work-hardened layer plays a crucial role 

in CRB: it breaks down during rolling and releases virgin material, which undergoes ad-

hesive bonding. To study the effect of the bristle’s geometry on the work-hardened layer 

the TWIP steel was brushed by 0.45 mm diameter bristles with a blunt tip (Figure 5c) and 

with a sharp tip (Figure 5f). Resulting surface cross sections of TWIP steel were compared 

to each other (Figure 5a–e) and to the TRIP steel brushed with a sharpened brush (Figure 

5g,h). 

Figure 3. Schematic description of measured lens parameters from the cross section (a) and from the
interface after the delamination test (b).

Two surfaces of TWIP steels from delaminated peel test specimens of TRIP–TWIP and
TWIP–TWIP composition, respectively, were taken for this purpose. The analysed areas
with the size of 4.3 × 3.2 mm2 were scanned with SEM using BSE imaging and subjected to
measurements according to Figure 3b. Statistical data from this analysis shall be used also
in a future work for bonding modelling according to the work of Schmidtchen [11].

3. Results
3.1. Surface Preparation before ARB
3.1.1. Pickling

The microstructure of the TRIP and TWIP steels after hot rolling and subsequent heat
treatment demonstrate full recrystallisation and no signs of strain hardening (Figure 4) [22].
Due to pickling the surfaces of both steels are scale- and oxide-free. Shallow etching pits
are located in the areas where grain boundaries come to the surface. The observed surface
profile inhomogeneity is expected to influence the resulting thickness of the strain-hardened
layer after brushing.
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Figure 4. Surfaces cross section from TWIP (a) and TRIP (b) steels after pickling, obtained from
polished sections by SEM (SE detector).

3.1.2. Brushing

As was mentioned in the introduction, the work-hardened layer plays a crucial role in
CRB: it breaks down during rolling and releases virgin material, which undergoes adhesive
bonding. To study the effect of the bristle’s geometry on the work-hardened layer the TWIP
steel was brushed by 0.45 mm diameter bristles with a blunt tip (Figure 5c) and with a
sharp tip (Figure 5f). Resulting surface cross sections of TWIP steel were compared to each
other (Figure 5a–e) and to the TRIP steel brushed with a sharpened brush (Figure 5g,h).
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Figure 5. Comparison of the deformed surface layer thickness of TWIP (a,b,d,e) and TRIP (g,h) steels
after brushing of slabs with 0.45 mm diameter brush with blunt (c) and sharp (f) bristles. Cross
sections are perpendicular to brushing and rolling direction (RD) as indicated on (a). Image quality
(left column, a,d,g) and Kernel average misorientation (right column, b,e,h) were obtained by electron
backscatter diffraction mapping.

The influence of the brush tip geometry on the brushed surfaces of TWIP and TRIP
steels was investigated using EBSD mapping and subsequent application of the Kernel
average misorientation mapping with a maximum misorientation angle up to 5◦ between
eight nearest neighbours of each measuring point (Figure 5, right column). Bristle tips
of a worn-out (used) brush are round, which leads to the formation of the uneven work-
hardened layer with the depth up to 50 µm after brushing (Figure 5a,b). Here, deformation
lenses stick out from the surface, increasing the overall roughness of the TWIP steel.
Brushing of TWIP steel with a sharpened brush provides a thicker and uniform work-
hardened layer (up to 70 µm, Figure 5d,e). In this case lenses are embedded into the surface,
making it smoother. Thus, a sharpened brush provides a thicker, smoother, and more
uniform hardened layer.

The depth of the work-hardened layer of the TRIP steel layer was found to be only up
to 20 µm (Figure 5g,h). In contrast to softer TWIP steel, the surface of TRIP steel undergoes
much higher strain hardening by brushing and protects deeper layers from deformation.
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This leads to a poor CRB ability of mono-material TRIP steel laminate and explains failure
of the TRIP–TRIP bonding. In contrast, the TWIP steel ensures good bonding between
the layers. Thus, the manufacturing of a laminated composite by ARB using selected
alloys was successful in case of TWIP–TRIP and TWIP–TWIP combinations, which were
further investigated.

3.2. Mechanical Properties
3.2.1. Quasi-Static Tensile Loading

For the sake of clarity, only one representative curve was plotted on the stress–strain
diagram for each type of orientation between loading axis and RD (Figure 6a). The resulting
tensile properties show some anisotropy depending on the orientation of a tensile specimen
to the rolling direction. Both TRIP–TWIP and TWIP–TWIP laminates demonstrate very
good ductility with the elongation to failure (ETF) of about 40% and 42% on average,
respectively. Ultimate tensile stress (UTS) of the TWIP–TWIP laminate reaches up to
800 MPa, whereas in case of the TRIP–TWIP the UTS reaches up to 900 MPa due to the
strain hardening via TRIP effect. For the same reason, the 0.2% offset yield strength is also
higher for the TRIP–TWIP composite (750 MPa on average) than that for the TWIP–TWIP
composite (650 MPa on average).

In general, the laminates show higher plasticity along the RD and higher strength
perpendicular to RD. Regardless of the loading axis orientation, delamination occurs only
during the final rupture of layers and only in the area of necking (Figure 6b,c), which
indicates good bonding. The DLs embedded to the delaminated bonding zone can be
clearly seen on the magnified views (Figure 6d,e). Both TRIP–TWIP and TWIP–TWIP
laminates show 100% dimpled fracture surface, which indicates fully ductile fracture.

The results of the anisotropy calculations are presented in Table 2. All the obtained r
values are smaller than one, indicating a behaviour in which the material deforms more in
thickness than in width. This leads to the local reduction in sheet thickness under tensile
stress, resulting in a failure by necking. Both laminates show maximum plastic anisotropy at
45◦ (r45), and small negative values of plain anisotropy rp as a consequence, which is typical
for austenitic stainless steels [31]. The rm values of the investigated TRIP–TWIP laminates
are relatively low (0.63–0.72) in comparison to the deep drawable and IF steels (1.7–1.9) [32].
The plasticity is significantly influenced by the crystallographic texture of the steel: the
higher the volume fraction of {111} planes in the RD, the higher the plasticity. Despite
the fact that the microstructure of TRIP–TWIP laminates is not significantly texturized
directly after rolling, the volume fraction of {111} planes increases drastically during the
tensile deformation via intensive twinning [22]. This explains high ductility of TWIP steels
despite low rm values. According to lower anisotropic parameters of TWIP–TWIP laminate,
a TWIP steel layer thins out more than a TRIP steel layer, which explains the better plating
behaviour of TWIP steel.

Table 2. Anisotropic parameters, calculated after the tensile tests of TRIP–TWIP and TWIP–TWIP
laminates, including plastic anisotropy r for each of the angle between the rolling direction and the
tensile loading axis, mean anisotropy rm and planar anisotropy rp.

Composite r0 r45 r90 rm rp

TRIP–TWIP 0.65 0.77 0.70 0.72 −0.09

TWIP–TWIP 0.57 0.70 0.54 0.63 −0.15



Metals 2022, 12, 590 9 of 18Metals 2022, 12, x FOR PEER REVIEW 9 of 20 
 

 

 

Figure 6. Results of the mechanical testing of TRIP–TWIP and TWIP–TWIP bilayer laminates after 

quasi-static tensile loading at different angles to rolling direction (a). SEM images show fracture 

surfaces after the tensile test of TRIP–TWIP (b) and TWIP–TWIP (c) specimens and their magnified 

views on (d) and (e), respectively. 

The results of the anisotropy calculations are presented in Table 2. All the obtained r 

values are smaller than one, indicating a behaviour in which the material deforms more 

in thickness than in width. This leads to the local reduction in sheet thickness under tensile 

stress, resulting in a failure by necking. Both laminates show maximum plastic anisotropy 

at 45° (r45), and small negative values of plain anisotropy rp as a consequence, which is 

Figure 6. Results of the mechanical testing of TRIP–TWIP and TWIP–TWIP bilayer laminates after
quasi-static tensile loading at different angles to rolling direction (a). SEM images show fracture
surfaces after the tensile test of TRIP–TWIP (b) and TWIP–TWIP (c) specimens and their magnified
views on (d) and (e), respectively.

3.2.2. Delamination Test

The results of peel tests of two specimens from both TRIP–TWIP and TWIP–TWIP
composites are summarized on Figure 7a. Due to the inherent instability of a delaminating
crack propagation, the loading curves are heavily serrated and show significant fluctuations.
On average, the maximum peel strength (MPS) equals to 108 N/cm for TRIP–TWIP and
184 N/cm for the TWIP–TWIP laminate, which is close to the MPS obtained by Qiu et al.
(225–138 N/cm) [21]. The average work of delamination A is 21 mJ/cm2 for TRIP–TWIP
and 43 mJ/cm2 for the TWIP–TWIP laminate, which is twice as much. Calculation of the
work of delamination for the peel test results obtained by Qiu et al. give much smaller
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values: 15 mJ/cm2 for TRIP–TWIP and 22 mJ/cm2 for the TWIP–TWIP laminate, which
indicates a significant improvement of the bond strength, achieved in the present work.
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Figure 7. Results of the delamination testing of TRIP–TWIP and TWIP–TWIP bilayer laminates:
load vs. displacement curves (a), and SEM images in BSE contrast with delaminated interfaces of
TRIP–TWIP (b) and TWIP–TWIP (c) steels after delamination. The inset on (a) shows values of
maximum peel strength (MPS) for each specimen. Magnified view of the TWIP–TWIP surface (SE
contrast) indicates fragmented deformation lenses (“DL”) and bonding zones (“Bonding”) with white
and black arrows, respectively (d).

Considering higher mechanical properties of the TRIP–TWIP laminate (Figure 6a) and
integrity of a specimen up to the failure (Figure 6b), it can be concluded that the work of
delamination of 21 mJ/cm2 corresponds to sufficiently good bonding. To achieve better
comparison between peel test results, a method based on elementary plasticity shall be
developed in a future work.
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The surfaces of T-peel tests after delamination look different: the amount of the surface
area covered by DLs is noticeably higher in case of TWIP–TWIP laminate (Figure 7c),
than in case of TRIP–TWIP laminate (Figure 7b). This observation correlates with the
difference of loading curves and resulting work of delamination. As can be seen on the
magnified image of the TWIP–TWIP delaminated surface (Figure 7d), DLs have undergone
fragmentation. Gaps between DL fragments consist of a dimpled fracture surface, which
indicates full interface bonding between the layers and ductile fracture during the peel
test. Thus, the resulting bond strength depends on the overall area of gaps between DLs,
and, consequently, on the total amount of interface area covered by DLs. In order to verify
this assumption, the quantitative analysis of DLs was conducted in Section 3.3.3 using
the delaminated surfaces of specimens after peel test, which showed the highest MPS
(specimens TRIP–TWIP #2 and TWIP–TWIP #2)

3.2.3. Surface Roughness

The roughness measurements of surfaces of TRIP and TWIP steels after pickling
brushing and delamination are summarized on Figure 8. Despite the same treatment, the
roughness parameter Ra of pickled TRIP and TWIP steels differs significantly: 4 and 2.6 µm,
respectively. This difference is reduced after brushing. Brushing with blunted bristles result
in Ra of 3.1 µm for TWIP steel and 2.8 µm for TWIP steel. Here, the roughness of TWIP
steel increases with respect to the non-brushed state, which indicates that the material is
rather unevenly smeared. Brushing with sharp bristles results in Ra of 2.3 µm for TWIP
steel and 2.6 µm for TRIP steel, which indicates higher rate of smoothening for both steels.
This result correlates with the position of DLs, which are embedded deeper in the surface
of TWIP steel in case of brushing with sharp bristles (compare Figure 5b,e).
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Figure 8. Column plot of the linear roughness Ra of TRIP (black bars) and TWIP (red bars) steel
surfaces after etching, brushing with blunt and sharp bristles and after delamination tests of roll
bonded laminates, brushed with sharp bristles.

After the peel tests, both delaminated surfaces of TRIP and TWIP steels show higher
roughness than that before CRB. Moreover, the initial difference of Ra value is almost
levelled out, resulting in 2.9 µm for both steels in both TRIP–TWIP and TWIP–TWIP
laminates. This effect can be explained by mutual smoothing and penetration of asperities
of TRIP and TWIP steels during CRB.
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3.3. Deformation Lenses Properties
3.3.1. Scanning Electron Microscopy Investigation

An example of a typical DL after ARB of TRIP–TWIP laminate is shown in Figure 9. A
DL can be effectively revealed using BSE detection and appears as a dark region elongated
along the bonding zone (Figure 9a). The matrix, which surrounds a DL, is fully austenitic
within the TWIP steel (Figure 9b) and contains a few percent of α’ martensite within the
TRIP steel (Figure 9c). The bright stripes within the DL consist of deformation-induced α’
martensite with the average grain size of 0.3 µm. Although there is an excessive amount
of oxygen within a DL (Figure 9i), a DL is not an oxide, but a steel matrix after severe
plastic deformation (SPD) with laminated structure of alternating Fe-rich (Figure 9d), and
Ni-Mn-Cr-rich layers (Figure 9e–g). The amount of Mn in a DL is reduced with respect to
the surrounding matrix.
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distribution maps of the main chemical elements (d–h) as well as oxygen (i).



Metals 2022, 12, 590 13 of 18

3.3.2. Transmission Electron Microscopy Investigation

The fine structure of a DL and the surrounding material was investigated by means
of TEM. A DL within the bonding zone of a TWIP–TWIP laminate was subjected to FIB
on one of its sides, so that all characteristic areas (steel matrix, oxide, DL) would fit into
a 7 µm width linear segment (Figure 10a). Before sectioning the surface of selected area
was covered with Pd layer in order to protect the investigated material from the possible
damage from FIB (Figure 10b). The region in extracted lamella (Figure 10c) was investigated
by means of scanning transmission electron microscopy (STEM) and represents all three
areas: DL on the left, an oxide layer in the middle, and a steel matrix on the right of
Figure 10d.

Figure 10. Investigation of a DL and surrounding area within a TWIP–TWIP bonding zone by means
of TEM: selected area on the cross section (a), segment subjected to the FIB protected by Pd layer (b),
extracted lamella (c), magnified view of the lamella (d), where circles indicate regions of selected area
electron diffraction of the steel matrix (e), DL (f), and oxide (g).
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The austenitic steel matrix has ultrafine-grained (UFG) microstructure, demonstrating
plenty of reflexes, which yet remain point-wise (Figure 10e). Within an area near DL,
single grains can be still distinguished and indexed by means of EBSD (Figure 9b). In
contrast, the area within a DL is non-indexed with EBSD technique due to even higher
plastic deformation. Reflexes on the selected area electron diffraction (SAED) from the DL
are smeared along the radiuses (Figure 10f), indicating that the crystal lattice of nano-sized
grains is heavily distorted.

The oxide layer is located between the steel matrix and DL and can be seen as the dark
stripe on SE image (Figure 10a) and as the bright stripe on the STEM image (Figure 10d).
Multiple observations indicate that an oxide layer can be located either on one side of a DL,
or a DL is free from this layer. The oxide layer can cover only a small part of a DL, as well
(Figure 9i). Important is that the remaining bonding zone is usually free from oxides [22].
The boundary between the oxide layer and the steel matrix is sharp, whereas the boundary
between the oxide layer and DL is smooth (Figure 10d). This means that the 400 nm thick
oxide layer was formed on the surface of a DL during brushing and was later bonded
with the steel matrix during CRB. Suitable models for surface brushing shall be used to
investigate this statement in future work [33].

3.3.3. Distribution Statistics of Deformation Lenses

Thorough investigation of cross sections and surfaces of the bonding zones after a peel
test (Figure 7b,c) allowed development of statistical insight on the sizes and distribution of
DLs (Figure 11). A DL is formed during brushing and has a lenticular-shaped cross section.
Depending on the interface type, the average DL dimensions (llens × wlens × tlens) are
339 × 62 × 17 µm3 for the TRIP–TWIP interface, and 434 × 71 × 12 µm3 for the TWIP–
TWIP interface (Figure 11c,e,g). During CRB with 50% thickness reduction, DLs break up
into 5–6 fragments (Figure 11f) with the average length of a fragment lfrag = 66–79 µm
(Figure 11a). Gaps between the fragments of DLs lgap are 41–44 µm long (Figure 11b) and
have a total length of 171 and 201 µm (Figure 11d) within each DL in TRIP–TWIP and
TWIP–TWIP interface, respectively.
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Figure 11. Distribution of geometrical parameters in absolute numbers (counts), measured manually
from TRIP–TWIP (black bars) and TWIP–TWIP (red bars) interfaces after delamination. Numbers
in the upper right corner of each diagram correspond to the average values and standard deviation.
(a) Average length of a lens fragment, (b) average length of a gap, (c) total length of fragments in a
lens, (d) total length of gaps in a lens, (e) width of a lens, (f) number of fragments, (g) thickness of a
lens, (h) elongation of a lens after fragmentation.

The total length of gaps with respect to the total length of DLs fragments gives an
average value of DLs elongation of 45–49% (Figure 11h), which is in a good correlation
with the overall thickness reduction of 50% during CRB. The calculated value of a DLs
elongation does not correspond to the plastic deformation of DLs, which deform in a brittle
manner, but to the overall increment in DLs and gaps length with respect to the initial
length of DLs before CRB.

4. Discussion

After receiving and analysing the data from delaminated surfaces of the peel test
specimens, the correlation of DLs and bond strength can be estimated. By relating the size
of the analysed area of each delaminated surface (4.3 × 3.2 mm2) to the overall areas covered
by DLs, one can calculate the relative area of DLs after CRB (Table 3, 2nd column). The
latter would be 12% for the TRIP–TWIP and 20% for the TWIP–TWIP interfaces. Assuming
that the elongation of the whole interface during CRB equals to the elongation of DLs,
which are embedded in it, the size of the analysed area before CRB can be estimated as
the final one (4.3 × 3.2 mm2) multiplied by 0.49 in case of TRIP–TWIP and 0.45 in case
of TWIP–TWIP laminate (Figure 11h). According to [22], the DLs do not show any signs
of plastic deformation. Thus, the relative area of DLs before CRB can be calculated as
the relation of total area of DLs segments to the analysed area before CRB: 19% for the
TRIP–TWIP and 29% for the TWIP–TWIP interfaces (Table 3, 1st column). Finally, the
relation of the total area of gaps between DLs to the analysed area gives the relative area
of fully bonded regions, which is 6% for the TRIP–TWIP and 9% for the TWIP–TWIP
interfaces (Table 3, 3rd column).

The MPS values for the analysed peel test specimens were calculated in Section 3.2.2
(Figure 7a), and equal to 130 N/cm for the TRIP–TWIP and 195 N/cm for the TWIP–TWIP
laminate (Table 3, 4th column). Now, to compare the described parameters with each
other, the values of the first row can be divided by the values of the second row, giving
the TRIP–TWIP to TWIP–TWIP ratio. The value of this ratio differs slightly among all
the parameters within the range of 0.60–0.67. However, most importantly, the ratio of
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calculated area of full bonding coincides perfectly with the ratio of maximum peel strength
values. This finding proves the assumption that the bond strength of an interface between
high-alloy CrMnNi steels is in direct proportion to the overall area of DLs and fully bonded
regions, which appear in the gaps between DLs fragments after break up during rolling.

Table 3. Summarizing analysis of the results obtained from peel tests of TRIP–TWIP and TWIP–TWIP
laminates.

Peel Test
Specimen

Relative Area of
DLs before CRB

Relative Area of
DLs after CRB

Relative Area of
Fully Bonded

Regions

Maximum Peel
Strength, N/cm

TRIP–TWIP #2 19% 12% 6% 130

TWIP–TWIP #2 29% 20% 9% 195

TRIP–TWIP to
TWIP–TWIP

Ratio
0.66 0.60 0.66 (6) 0.66 (6)

Concerning the measured tensile properties, such as ultimate tensile strength and
elongation to failure, these properties were found to be affected by the bond strength only
when the bond strength is too weak, i.e., delamination occurs before the necking, as shown
by Seleznev et al. [22]. The tensile tests in present work did not reveal any significant
influence of the bond strength (and DLs) on the tensile properties. Thus, we can conclude
that the DLs covering 12–20% of the area after rolling is still enough to maintain structural
integrity during mechanical loading.

5. Conclusions

The DLs at the bonding interface of LMC made of high-alloy TRIP and TWIP steels by
CRB were studied in present work by means of SEM, TEM, roughness measurement, tensile
and peel tests. According to the obtained results and analysed data following conclusions
can be drawn:

• Brushing of the TWIP steel with sharp bristles gives a thicker and more uniform work-
hardened layer (70 µm) with DLs embedded in the surface. In contrary, brushing with
blunt bristles gives a thinner work-hardened layer (50 µm), where DLs stick out from
the surface. TRIP steel after brushing has a very thin work-hardened layer (20 µm),
which is assumed to be the reason for unsuccessful TRIP–TRIP bonding during CRB.

• Both TRIP–TWIP and TWIP–TWIP laminates demonstrate good mechanical properties
with UTS up to 900 MPa and elongation up to 45% with the layer’s integrity persisting
up to the tensile fracture.

• The TWIP–TWIP interface shows higher maximum peel strength (up to 195 N/cm)
than that of a TRIP–TWIP interface (up to 130 N/cm). Regions of full bonding bet-
ween laminate layers were found to be located in gaps between the fragments of
DLs.

• The bond strength of an interface between high-alloy CrMnNi steels is in direct
proportion to the overall area of DLs and fully bonded regions, which appear in the
gaps between DLs fragments after breaking up during rolling.

The abovementioned findings will be used in further investigations in the field of cold
roll bonding, in particular accumulative roll bonding of high-alloy steels, including TRIP
and TWIP steels.
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