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For materials such as copper and mild steel Fe-0.1%C, slippage has been determined at various stages of high-pressure
torsion, and a new effective method has been applied. It has been shown that slippage at the initial stages of high-pressure
torsion is insignificant, while after high-pressure torsion for n=>5 revolutions, torsional deformation of the steel does not occur
due to slippage. Transmission electron microscopy and X-ray diffractometry were performed to reveal the microstructure of
Fe-0.1% C after high-pressure torsion with n=5, 10 revolutions. It has been shown that irrespective of slippage, the structure
of Fe-0.1% C is still refined during high-pressure torsion for n =5, and a nanostructured state similar to that observed by other
authors is formed after HPT in Fe-0.1% C. The data of TEM, XRD and HV unambiguously indicate, that the structure after
HPT n=10 is more refined and riveted than after HPT n=5. Hence, despite the slip at HPT when n>5, the deformation is
still carried out. One of the possible explanations for the accumulation of deformation in the sample during HPT, despite the
slippage, may be that the planes of the upper and lower anvils are declined from each other by a small angle. This leads to the
accumulation of significant deformation during the rotation of the anvils.
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MeTtop O1leHKM IIPOCKAaNb3bIBaHMA HA PA3TNYHBIX CTAANAX
MHTEHCUBHOI INTACTU4eCcKoil lepopManiy KpydeHueM 1 ero
IPUMEHEeHNe Ha IpuMepe HusKoyraepoaucron cranm Fe-0.1% C
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[Tpn nomory HOBOro 3¢ ¢deKTMBHOrO MeToa OIpefe/IeHO0 MPOCKanb3blBaHNe Ha PAa3INYHBIX CTAAMSIX MHTEHCUBHONI
IVIACTUYeCKO fedopMaluyl KpydeHMeM I TaKUX MaTepuasoB, KaK Mefgb M HM3KOyIIepopucras cramb Fe-0.1% C.
[TokazaHo, 4TO Ha HaYajbHbIX JTalax HKedOpMUPOBAHUSA MPOCKa/nb3blBaHMe He3HaunTenbHO, a nocine MIIJIK wa n=>5
060poTOB fedopMalys KpydeHVeM He IPOMCXONUT M3-3a NPOCKaab3biBaHMA. [IpoBefjeHbl MCCIeNOBAHUA CTPYKTYPBI
cramm Fe-0.1% C nocne MITIK Ha n=5 1 10 060poTOB MeTOfaMy IIPOCBEYMBAIOIIE) MIEKTPOHHO! MUKPOCKOINMU U
PeHTreHOBCKON aydpakToMeTpun. bouio mokasaHo, 4T0, HECMOTPSI Ha IPOCKa/Ib3bIBaHMe, CTPYKTypa cramu Fe-0.1% C Bce
emé nsmenpyaerca noce VIIJIK Ha n=5 060poToB, 1 B Hell pOpMUpPyeTCs HAHOCTPYKTYPUPOBAHHOE COCTOSAHNE, IIOTOOHOE
HabyIoffaeMOMy APYTMMM aBTOpPaMU JUI aHAJIOTMYHBIX MaTepuasnoBs. Jauusle [I9M, PCA u usmepeHus MUKPOTBEPHEOCTI
OJJHO3HAYHO YKa3bIBAIOT Ha TO, 4TO cTpyKTypa nocie UITJK n=10 usmenpuena u HaknénaHa cuabHee, 4eM nocne VITIK
n=>5. ClegoBaTeNbHO, HeCMOTPs Ha pockanbsbiBanye npu VUITIK, nepopmannsa Bce sxe ocymectsngerca. OFHUM U3 BO3-
MOYKHBIX 00'BsICHEHUI HaKOIUIeHMs fepopmaruu B 06pasiie MOXeT ObITD TO, YTO ITIOCKOCTY BEPXHETO U HIDKHETro 60liKa OT-
KJIOHEHBI IPYT OT Apyra Ha HeOO/IBIION Yro/l. ITO MPYBOAUT K HAKOIUIEHNIO 3HAYUTETBHOI e opMaly IIpy BpallleH OOVIKOB.

KiroueBble cioBa: MHTEHCUBHA ITACTIIeCKas AeopMalusa KpydeHeM, IpOCcKaIb3biBanue, fedopmans, ctamb Fe-0.1% C.
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1. Introduction

High-pressure torsion (HPT) is a common method for
transforming the structure, forming a nanostructural
state, and improving the mechanical properties of metallic
materials [1-3]. The HPT method allows you to achieve
maximum grain refinement and to determine the effect of
large deformations on phase transformations, which is the
subject of many articles and a number of reviews [1-3].

For HPT, specimens in the form of thin discs are placed
on anvils made of hard material, a pressure of 5-6 GPa is
applied, one of the anvils rotates, and surface friction forces
lead to shear straining. The material undergoes deformation
during hydrostatic compression under the applied pressure
from the external layers of the specimen, which prevents
the specimen from destruction, despite the high rates of
plastic strain. When using the HPT method, parameters can
be varied: applied pressure, number of revolutions, strain
temperature, anvil rotation speed, anvil geometry, initial state
of the deformed material, content of impurities, etc. [1].

In pure metals, HPT leads to the formation of a
nanostructured state. For instance, in specimens of Armco-Fe
[4] and Ti [5], a grain size of about 80 nm was achieved
during HPT. After HPT, a nano-sized honeycomb structure
with individual heteraxial nano-sized grains was formed in
the steel with the composition Fe-0.1% C, the average size of
an element of the grain-subgrain structure was 100 -200 nm
[6,7]. The initial laminar cementite was dissolved and ultra-
fine carbides were produced.

The degree of shear strain y at HPT is evaluated using the
formula

_ 2mRn
h

; (1)

where 7 is the number of revolutions, R is the radius from
the center to the measurement point, /h is the specimen
thickness.

As some studies show, in particular [1,3,8-11], the
actually achieved strain y during HPT of hard or hardened
metals and alloys can be much lower than the expected one,
which is predicted by formula (1). This inconsistency can be
explained by the slippage effect of anvils over the specimen
surface during HPT of hard and strain-hardened materials [3].
Starting with the first publication of Bridgeman [8], slippage
due to insufficient friction force between the anvils and
the specimen is an important issue. The extent of slippage
depends critically upon the material and pressure [9]. In the
mentioned article, parallel marks were applied to the top and
bottom surfaces of the original disc to assess slippage. When
aluminum is deformed, very little slippage is observed, slightly
more when copper is deformed, and when iron is deformed,
slippage becomes significant [9]. The significance of slippage
increases both at faster rotational speeds and at lower pressures
[9,12]. However, it was not possible to estimate the degree of
deformation at HPT by an 0> 90°, since the applied lines were
“erased” from the surface of the disks.

It is known that for well-hardened materials there is a
certain critical pressure (P) and a degree of deformation at
which the material is hardened so much that shear strain
at HPT no longer increases due to the slippage effect [3].

However, techniques for detecting slippage by determining
torsional torque, marking lines or scratching the sample
surface may not be effective [3,9]. In [11], a new convenient
method was proposed for assessing the degree of slip/real
deformation at HPT, and it was shown that in hard bulk
metallic glasses (BMG) based on Zr with tensile yield stress
over 1500 MPa, the shear strain is hundreds times less than
expected by formula (1) for HPT n=0.25-5. At the same
time, despite the slippage, there was a significant change in
the structure of BMG after HPT, similar to those observed by
other authors during HPT of similar BMGs. In [13], studies
of slippage during HPT of the Zr-1% Nb alloy were carried
out. It was shown that if the specimen of alloy Zr-1% Nb
at initial HPT stages received a significant degree of shear
strain, then after HPT with n>5 revolutions, high slippage
started and the shear strain does not occur. At the same time,
the structure and properties of the Zr-1%Nb alloy change
after HPT similar to what other authors observed in such
alloys. However, this technique has hardly been used to assess
slip during deformation of crystalline metallic materials. The
purpose of this work is to determine the degree of shear strain
achieved, in particular, on Cu and Fe-0.1% C with an increase
in the degree of HPT deformation.

2. Materials and methods

For the study, we selected commercially pure copper and
mild low-carbon steel Fe-0.1% C. The original billets were
cut according to the diameter of the HPT anvils. For HPT of
copper, anvils 20 mm in diameter with a groove 0.5 mm deep
were used, and for HPT of steel, anvils 10 mm in diameter
with a groove 0.3 mm deep were used. HPT was carried out
at room temperature (RT) at 6 GPa. To determine the degree
of deformation using the method described in [11] (see
Fig. 1a,b, in mentioned article), some of the obtained discs
were preliminarily cut into two half-segments, the edges of
the segments were polished and varnished to avoid metal
adhesion. The segments were placed on anvils according to
the scheme in Fig. 1a and subjected to simultaneous HPT. In
addition, solid Fe-0.1% C discs were subjected to HPT for
n=5 and 10 revolutions at P=6 GPa at room temperature.
The microhardness of the obtained steel samples was
measured at a load of 1 N applied for 10 seconds. The
structure of the samples was studied using a JEOL JEM-2100
transmission electron microscope (TEM). X-ray diffraction
(XRD) analysis was carried out on a Rigaku Ultima IV
diffractometer using Cu, -radiation.

3. Results

To determine the amount of slippage, 4 series of experiments
were carried out.

Experiment I. To determine the actually achievable
degree of deformation, the original copper disc was cut into
two halves/segments. Then these segments were subjected to
joint HPT with a rotation angle of the anvils 6=90° (n=1/4)
according to the scheme in Fig. 1a. The relative displacement
of the edges of the segments as a result of HPT shows that
the appearance of the copper segments corresponds to
deformation by rotation by 0=90° (Fig. 1b).
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Experiment II. First, a full copper disc was subjected to
HPT for n=5 revolutions, then the resulting HPT disc was
cut (Fig. 1¢) and the segments were subjected to joint HPT for
0=90° (Fig. 1d). The sample received a noticeable deformation
by torsion, but there is no significant displacement of the
upper part of the segment relative to the lower one (Fig. 1d).
Thus, after HPT for n>5, some slippage is observed even on
Cu. The degree of deformation is difficult to assess due to the
complex geometry of the samples.

Experiment III — Segments of the initial low-carbon
steel Fe-0.1%C subjected to HPT 0=90° (Fig. le). The
view of the segments with the edges displaced relative to
each other shows that as a result of HPT, the steel sample
underwent a noticeable shear deformation. The real shear
strain y_ is calculated by the formula y_ =Ax/h, where
Ax is the displacement of the upper surface of the segment
relative to the lower one, 4 is the thickness of the sample. For
the specified steel segments after joint HPT at 6=90°y__=5.
This is a large deformation, although less than y =8 predicted
by formula (1) for the point R=2.5 mm, h=0.5 mm. Thus,
some slippage is observed already at the initial stage of HPT
of mild steel.

Experiment IV. The sample, which is a disc of low-
carbon steel Fe-0.1%C, is first subjected to HPT at n=5
revolutions, then cut into segments and then these segments
were subjected to joint HPT at 0=90°. The appearance of
the segments indicates that the sample did not receive any
noticeable shear deformation (Fig. 1f). Thus, after HPT n>5,
the surface of anvils and the surface of the sample slip and
shear deformation does not occur.

During HPT, shear deformation occurs under the
condition that the specific friction force F, between the
surface of the anvils and the surface of the sample is greater
than the yield stress (YS) of the material: Fp >YS. The specific
friction force F, is determined by the equation F = P, where
Pis the pressure, and y is the friction coefficient. The pressure
can be calculated as P= U/S, where U is the press force, and S

d e f

Fig. 1. (Color online) Scheme of joint HPT of halves to determine
the degree of torsional deformation (a), copper halves after joint
HPT 6=90° (b), copper disk cut into segments after HPT n=5 (c),
same segments after subsequent joint HPT 6=90° (d), Fe-0.1%C
halves after joint HPT 6=90° (e), Fe-0.1% C segments after HPT
n=>5 + cutting + joint HPT 6=90° (f).

is the area, and § is usually taken as the area of the anvils [3].
But in reality, a large area falls into the pressure zone, taking
into account the edges of the working area of the anvils and
the flash of the material, which reduces the specific pressure
[3]. In our case, the press force is U=60 t, the diameter of
the working part of the anvils is d=1 cm, so the area of the
anvils is S=0.8 cm?, and for such an area the pressure will be
P=6 GPa. However, taking into account the flash, the sample-
anvil contact area is S=1.5 cm? and the actual pressure is
much lower, about 3 GPa. The friction coeflicient in HPT
is estimated as p=0.3 [14]. Hence szl GPa, more than the
YS of the original copper and low-carbon steel. But with an
increase in the degree of deformation, metals are hardened,
copper after HPT hardens to YS~1 GPa [2], which is less or
comparable to E. Low-carbon steel Fe-0.1% C after HPT is
hardened to YS>1.5 GPa [6], which exceeds FH. Hence, with
an increase in the degree of HPT above a certain critical one,
shear deformation of Fe-0.1%C is not implemented. The
obtained result testifies in favor of the relevance of using
accumulating HPT to achieve really large strains [15].

The slippage effect must certainly depend on a number
of parameters of HPT — pressure, design of anvils, their
rotation speed, and others. It can be assumed that the slippage
observed in our work is a special case and is due to the HPT
parameters/setting used in this work. In this regard, it is of
interest to study the microstructure of Fe-0.1% C samples
subjected to HPT on our facility, and by the HPT regime
usually used by other authors. Due to this, Fe-0.1% C solid
discs were subjected to HPT for n=>5 and 10 revolutions at
P=6 GPa at room temperature on our HPT equipment

Fig. 2 shows the structure of the studied steel in TEM after
HPT for n=5 and 10 revolutions in a bright field (Fig. 2a,c)
and a dark field (Fig. 2b, e) modes, as well as microdiffraction
patterns in inserts. On the electron diffraction pattern of
Fe-0.1%C after HPT for n=5 and n=10, several large
reflections and many small ones blurred azimuthally and
radially are observed along the ring (Fig. 2, insets). The
general view of the electron diffraction patterns indicates a
strong refinement of the structure.

In the bright and dark TEM fields, after HPT n=5 and 10,
a finely dispersed and inhomogeneous structure is observed.
Fragments of the structure are stretched. It is difficult to
determine the average grain size from bright-field images due
to strong work hardening; however, the size of the structure
fragments (band width) after HPT n=10 is somewhat smaller
than after HPT n=5. According to dark field TEM, after
HPT n=5, the average grain/subgrain size is about 200 nm,
after HPT n=10 — about 150 nm, that is, the structure is
additionally refined in comparison with the state of HPT
n=>5. In general, the structure is similar to that observed in
the works of other authors on same material [6].

According to XRD data, HPT of steel Fe-0.1% C results
in decreased coherent scattering regions (CSR) and growing
density of dislocation, while after HPT n=10, the density of
dislocation is much higher than after HPT n=5. HPT results
in a significant growth of HV (Table 1), as observed in [6,7].
After HPT for n=10 revolutions, HV is much higher than
after HPT n=5 (Table 1). Thus, the microhardness values of
steel after HPT with the used mode and facility, in spite of the
recorded slippage, reach approximately the same values as in
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Fig. 2. TEM images of the structure of low-carbon steel Fe-0.1% C after HPT n =5, bright field (a) and dark field (b), diffraction pattern
(inset); after HPT n =10, bright field (c), dark field (d), diffraction pattern (inset).

Table 1. XRD and hardness results before and after HPT.

Condition D, nm €, % P B HVQ'I in the
10 m™ region %2 R
Initial 118 0.15 0.8 230
HPT n=5 25 0.35 2.8 400
HPT n=10 24 0.62 5.5 650

D is the size of coherent scattering regions: ¢ — grid distortions;
p — density of dislocation.

the works of other authors [6,7]. In addition, TEM, XRD and
HV data unambiguously indicate that the structure after HPT
n=10 is more refined and riveted than after HPT n=5. At the
same time, experiment IV evaluating slip shows that there is
no shear deformation after HPT n>5. Hence, despite the slip
at HPT, when n>5, deformation is still carried out, but not by
relative torsion of the upper and lower parts of the sample, as
is assumed by formula (1), but in some other way.

How can the accumulation of strain occur at HPT
if slippage occurs at n more than 5? One of the possible
explanations for the accumulation of strain in the sample
during HPT, despite slippage, can be the following: it can be
assumed that the planes of the upper and lower anvils are
declined from each other by a small degree (for example,
by 1°) (Fig. 3). With the length of the guide columns of the
press about 2 m, the area of the press platforms 1 m? and
the diameter of the working part of the anvil 10 mm, such a
deviation is possible, and even inevitable. In this case, when
the anvils rotate relative to each other, the sample material
under a pressure equal to several GPa will flow from one
deformation zone under the anvils to another. This will
deform the material and modify its structure [16].

Fig. 3. HPT scheme in which the planes of the upper and lower anvils
are declined from each other by 1°.

The sample subjected to such a deformation pattern was
simulated using finite element computer modeling in the
Deform-3D software package. In the simulation, a model of
a workpiece with a circular cross-section with a diameter of
20 mm, and a groove on anvils with a depth of 1 mm was
used. Steel 52100 from the Deform 3D library was selected
as the workpiece material. At the first step of simulation,
preliminary upsetting was carried out to uniformly fill the
deformation zone and establish contact with the anvils over
the entire area of the workpiece. At the second step, the
torsion operation was simulated.

Workpiece and tool models were created in the
KOMPAS-3D software package and imported in .stl format.
The generated finite element mesh consisted of 32000
tetrahedra. The option to volume compensation of the
workpiece was activated. The original workpiece was a plastic
body, and the tool was an absolutely rigid body. Tool models
were not meshed.
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Fig. 4. (Color online) Simulation results: accumulated strain with an inclination of the anvils by 1° with full slip of the upper anvil over the

surface of the sample at HPT n=1 (a), and HPT n=5 (b).

The rotation speed of the driven anvil was chosen
constant and equal to 1 rpm. The workpiece temperature
was taken constant and equal to room temperature (20°C).
To set contact between the rotating anvil and the workpiece,
the Siebel friction factor f=0.12 was used, bonded contact
was used between the fixed anvil and the workpiece. The
non-insight condition was set on the contact surfaces of the
equipment. The number of modeling steps was over 1000.

Fig. 4 shows the results of modeling the accumulated
strain with an inclination of the anvils by 1° with full slip of
the upper anvil over the surface of the sample.

The simulation results show that, in spite of slippage,
with such a scheme, the accumulated strain increases with
an increase in the number of revolutions of the anvils. At
n=1, the accumulated strain reaches the values e=0.7-1.14,
and at n=>5 the strain reaches e=1.13-1.88 (Fig. 4). It should
be noted that e=2 is a quite large strain, which, taking
into account the high applied pressure, should lead to the
formation of a nanostructure.

The issue of slippage during HPT of various materials,
of the ways of accumulation of deformation during HPT is
undoubtedly complex and multifactorial. For example, anvil
roughness, which prevents slippage, may play an important
role in HPT [12]. In the accumulation of deformation during
HPT, the deformation by upsetting [1] can be of decisive
importance, which increases with decreasing sample thickness
with an increase in the number of revolutions of HPT. Also,
according to the used method, we stopped the deformation
after n=5, cut the sample into pieces, and returned to the
anvils. But in this case, the geometric conformity between the
sample and the tooling is lost. As a consequence, the contact
area is expected to be much lower in interrrupted tests. These
issues require further research and analysis.

4. Conclusions

It has been shown that slippage at the initial stages of high-
pressure torsion deformation of copper and Fe-0.1%C
steel is insignificant, while after HPT for n=5 revolutions,
torsional deformation of steel Fe-0.1% C does not occur due
to slippage.

TEM, XRD and HV data unambiguously indicate, that
the structure after HPT #=10 is more refined and riveted
than after HPT n=5. Hence, despite the slip at HPT, when
n>5, deformation is still carried out, but not by shear, as is
assumed by formula (1), but in some other way. The structure
of Fe-0.1% C formed after HPT in this research is similar to
that observed in other papers [6,7], which allows suggesting
that in most papers on HPT of Fe-0.1%C, slippage also
occurs at some stage of straining, though the authors did not
evaluate this.

One of the possible explanations for the accumulation of
strain in the sample during HPT, despite the slippage, may be
that the planes of the upper and lower anvils are declined from
each other by a small angle. This leads to the accumulation of
significant strain during the rotation of the anvils.
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