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A polycrystalline coarse-grained Ni with 98.4 wt% purity was deformed plastically to the strain of 1.2 at
the strain rate of �104 s�1 using a Dynamic Hopkinson Plastic Deformation technique. The micro-
structure investigations indicate the ability of this loading method to process very fine microstructure
with high dislocation density and large fraction of low-angle grain boundaries. It turned out that there is
a transition in the mechanisms which determine the flow stress during the impact test. In the beginning
of deformation viscous dislocation drag dominates, while at the end of the impact test the velocity of the
individual dislocations is low due to the high dislocation density, therefore the obstacle hardening de-
termines the flow stress. Accordingly, the flow stress measured in-situ during impact test is in good
agreement with the values determined ex-situ after deformation. The main contribution to the flow
stress is given by dislocations.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Plastic deformation is an effective tool for improving the
strength of metallic materials. The strain hardening is mainly
caused by the multiplication of dislocations. If severely plastic
deformation (SPD) techniques are applied, the grain refinement
has an additional contribution to strengthening [1]. In SPD pro-
cesses the grain refinement usually occurs by the arrangement of
dislocations into subgrain and grain boundaries [2]. As the anni-
hilation of dislocations is controlled by thermally activated me-
chanisms, such as vacancy migration, the decrease of the tem-
perature and the increase of the strain rate of SPD yield higher
dislocation density, thereby enhancing the strength of plastically
deformed metals [3–6]. The combined influence of these two ef-
fects is usually measured by the Zener-Hollomon parameter (Z)

given as ε= ̇Z e
Q
kT , where ε ̇ is the strain rate given in the unit s�1, Q is

the activation energy of the mechanism controlling the rate of
deformation, k is the Boltzmann constant and T is the absolute
temperature [7–9]. Indeed, the cases of various metals (e.g. for Cu
[9]) have given clear evidence that the grain size decreased and
the dislocation density increased with the increasing value of Z,
a).
resulting in a higher yield strength of materials. As a consequence,
high strain rate deformation methods are expected to be very ef-
fective in processing UFG metallic materials with very high
strength. In addition, plastic deformation at high strain rates
naturally occurs in projectile impact and explosion processes.
Therefore, there is a demand for a better understanding of the
deformation behavior of materials at high strain rates.

Different dynamic plastic deformation (DPD) techniques, such
as drop mass bench [10,11], air hammer [12] and Hopkinson
Pressure Bar [13–18] tests have been developed for studying the
mechanical performance of materials at intermediate and high
strain rates, respectively. Among these methods, Hopkinson Pres-
sure Bar techniques permit a monotonic loading at strain rates
ranging from 103 to 105 s�1. The latter methods have been used to
investigate the stress-strain response of materials up to a plastic
strain of 0.5 using specimens with small length to diameter ratio
of about 0.5.

The most commonly used Hopkinson Pressure Bar technique is
the Split Hopkinson Pressure Bar (SHPB) method [10,16,17], in
which a specimen is placed between two pressure bars. During the
test the incident bar is impacted with a striker in order to generate
a stress wave pulse. When the stress wave pulse encounters the
specimen, reflected and transmitted stress wave pulses are gen-
erated which are then used for the calculation of the strain and the
stress in the specimen, respectively. Since the loading of the
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incident bar has to remain elastic, the maximum strain rate gen-
erated by the SHPB technique is about 5�103 s�1 [18]. In order to
access higher strain rates, it is necessary to apply higher impact
velocity to the specimen. For this purpose, another Hopkinson
Pressure Bar technique has been developed in which a direct im-
pact of the specimen is applied [14,15,18]. This technique is re-
ferred to as Direct Impact Hopkinson Pressure Bar (DIHPB) method
which permits the achievement of very high strain rates up to
105 s�1. During DIHPB test the strain in the specimen is de-
termined from the impact velocity and the stress wave pulse
generated in the bar, while the stress is directly obtained from the
stress wave pulse generated in the bar [18].

Using Hopkinson Pressure Bar techniques, it was found that at
strain rates below �3�103 s�1 the flow stress increased moder-
ately with the increase of strain rate, while above this limit a very
steep rise in the strength was observed [18–22]. The difference in
the stress behavior for the two strain rate regimes is usually ex-
plained by the different mechanisms obstructing the dislocation
motion. For low strain rates obstacle hardening (such as disloca-
tion strengthening) dominates, while at high strain rates viscous
dislocation drag determines the flow stress [18,23]. During impact
test of pure materials recrystallization has also been observed [24–
26], since the temperature usually increases to large values due to
the conversion of plastic work into heat. The analysis of the stress-
strain behavior with complementary investigation of the micro-
structure evolution may yield a better understanding of the un-
derlying deformation mechanisms. Former studies dealt with high
strain rate plastic behavior only up to a strain of �0.5, therefore
the investigation of material response at high plastic strains is
missing from the literature.

In the present study, the microstructure and the strength of
coarse-grained Ni deformed at strain rates ranging from 0.8×104 to
3�104 s�1 are investigated using a DIHPB technique modified for
the generation of large plastic strains up to 1.2. This method is
called as Dynamic Hopkinson Plastic Deformation (DHPB) techni-
que, involving specific impactor and die in order to reach large
plastic deformation at high strain rates. Nickel is a widely used
structural material in various civilian and military applications due
to its high strength even at elevated temperatures. The deforma-
tion mechanisms occurring in the different stages of the DHPB test
are investigated by comparing the in-situ measured flow stress
and the microstructure developed during deformation.
2. Experimental procedure

2.1. Impact test

The material used in this study was a coarse-grained poly-
crystalline Ni with 98.4 wt% purity (manufacturer: Goodfellow)
Fig. 1. Schematic of the Dynamic Hopkin
which was annealed at 750 °C for 60 min and subsequently air-
cooled to room temperature. The annealed sample was impacted
at a speed of 132 m/s using a DHPB technique as shown in Fig. 1.
Both the Hopkinson pressure bar and the projectile are 20 mm in
diameter and made of tungsten alloy with the yield strength of
1500 MPa and density of 17.5 g cm�3. The length of the Hopkinson
bar was 454 mm. The end of the Hopkinson bar collides with a
momentum trap which ensures a single stress pulse during the
test. The specimen is glued to a platen at the front end of the
projectile. This platen is used to avoid potential damage of the
projectile due to the indentation by the specimen.

An impactor with the length of 300 mmwas applied to provide
a loading duration of 120 ms, enabling deformation of the speci-
men up to a strain of �1.3 at the strain rate of �104 s�1. Com-
pared to the DIHPB technique, the DHPB test was conducted using
a specific die which was fixed to the Hopkinson bar and designed
for limiting the axial strain to �1.2. A specimen with the height of
16 mm and the diameter of 9.5 mm (the height to diameter ratio is
1.7) was used for the DHPB test in order to provide a final de-
formed specimen with considerable sizes. After deformation the
height and the diameter of the sample were 4.5 and 16 mm, re-
spectively. Both the platen and the die are made of the same
material as the Hopkinson bar and the projectile. The impact ve-
locity was measured using a laser detector system consisting of
two lasers beams. In the present experiment the impact velocity
was as high as 132 m/s.

The yield strength of the impacted specimenwas determined at
the mid-radius in the axial direction (see Fig. 2) by micro-com-
pression test. The specimens (with dimensions of
2 mm�2 mm�3.2 mm) were cut from the impacted disk by
electrical discharge machining. The compression tests were car-
ried out on a Deben MICROTEST tensile/compression/bending
stage (Deben UK Ltd.). A load cell with a maximum capacity of
5 kN measured the force in speed control mode. The stage was
equipped with a resistive extensometer for an accurate strain
measurement. Tests were conducted at room temperature and a
strain rate of 2�10�3 s�1.

2.2. Microstructural characterization

The microstructure of the initial and the impacted samples was
studied by electron backscattering diffraction (EBSD) and X-ray
line profile analysis (XLPA). In the case of the impacted specimen,
these investigations were carried out at the mid-radius of the cross
section referred to as Z–R plane in Fig. 2. Prior to microstructural
characterization, the investigated surfaces were ground with a
4000-grit SiC abrasive paper and then electropolished to remove
the damaged uppermost surface layer. A Zeiss Supra 40VP Scan-
ning Electron Microscope (SEM) equipped with a fully automated
EBSD analysis system was used for data acquisition. EBSD
son Plastic Deformation technique.



Fig. 2. Schematic of the initial (intact) and impacted specimens. The locations of
the samples prepared for EBSD and XLPA microstructural investigations, as well as
quasi-static compression after impact test are indicated.
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measurements were performed with a step size of 0.35 and 0.1 mm
before and after the impact test, respectively. The collected data
were subsequently analyzed with the Orientation Imaging
Fig. 3. EBSD orientation maps and grain boundary misorientation distribut
Microscopy (OIM™) data analysis software (TexSEM Laboratories,
Inc.). It should be noted that the grain in the OIM™ software is
defined by user-specified values. With this regard, the grain is
defined as a group of data points (pixels) with similar orientation
and within the tolerance angle of 2°. In addition, the method of
XLPA was used to evaluate the microstructure after the impact.
The X-ray line profiles were measured by a high-resolution ro-
tating anode diffractometer (type: RA-MultiMax9, manufacturer:
Rigaku) using CuKα1 radiation (λ¼0.15406 nm). The line profiles
were evaluated by the Convolutional Multiple Whole Profile
(CMWP) analysis [27]. In this method, the diffraction pattern is
fitted by the sum of a background spline and the convolution of
the instrumental pattern and the theoretical line profiles related to
the crystallite size and dislocations. The area-weighted mean
crystallite size (ox4area) and the dislocation density (ρ) were
determined from the analysis. The area-weighted mean crystallite
size was calculated from the median (m) and the log-normal var-
iance (s2) of the crystallite size distribution as ox4area¼m� exp
(2.5s2).
3. Results

3.1. Initial microstructure

An EBSD image on the initial microstructure is shown in Fig. 3a.
ions for the initial ((a) and (b)) and the impacted sample ((c) and (d)).



Fig. 4. True stress – true strain curve measured in-situ during DHPB test. The yield
strength obtained by quasi-static compression is also indicated.
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The arithmetic and the area-weighted mean grain sizes were
measured to be 9 mm and 25 mm, respectively (we note that the
arithmetic grain size is used in the sequel). Fig. 3b presents the
corresponding grain boundary misorientation distribution as de-
termined by the EBSD analysis. The fraction of high angle grain
boundaries (HAGBs) with misorientations larger than 15° is 93%.
Half of the boundaries are Σ3 boundaries including twin bound-
aries with the misorientation of 60°.

3.2. In-Situ stress-strain behavior during impact test

The true stress, strain and strain rate can be determined from
the instantenous impact velocity and elastic strain detected by the
gauge in the Hopkinson bar using the DIPHB analysis procedure
[18]. The true stress and strain rate versus the true strain are
shown in Figs. 4 and 5, respectively. It is noted that in Fig. 4 the
Pochhammer-Chree oscillations of the stress values [28] were
smoothed by adjacent averaging. It is also noted that the strain
rate have to be considered as the average in the sample volume.
Compared to DIHPB technique, the strain rate for DHPB test was
not homogeneous as a large specimen height to diameter ratio was
used. Namely, in a thin layer at the impacted face the strain rate is
about 4 times higher than the value averaged for the whole spe-
cimen. The thickness of this layer is less than 10% of the specimen
height. This layer loaded under shock conditions was not in-
vestigated in the current study. The yield strength in the beginning
of the impact test corresponding to the strain rate of
Fig. 5. Strain rate and temperature of deformation as a function of impact strain.
�0.8�104 s�1 is �428 MPa. For reference, the yield strength of
the initial material was also determined under quasi-static con-
ditions using compression test at room temperature and a strain
rate of 2�10�3 s�1. This yield strength (�109 MPa) is about one
fourth of the value measured at �0.8�104 s�1. In the next
paragraph we inspect whether this difference in the yield strength
is in accordance with the different mechanisms hindering dis-
location motion at low and high strain rates.

At high deformation rates, viscous dislocation drag determines
the shear stress (τ) required for the motion of a dislocation with
the velocity vd according to the following formula [29]:

τ = ( )b v B, 1d

where b is the magnitude of Burgers vector (b¼0.25 nm in Ni) and
B is the viscous drag coefficient. The viscous drag at high dis-
location velocities is caused by the interaction of moving disloca-
tions with electrons and phonons, as reflected in the formula of B
[29]:

= + ( ) ( )B B B
T

300
, 2e p

where Be and Bp are the electron and phonon drag coefficients, T is
the absolute temperature in Kelvin degrees. For Ni Bp is much
larger than Be, therefore at temperatures higher than 300 K the
contribution of phonons is the dominant effect and B can be ap-
proximated as:

≈ ( )B B
T

300
, 3p

where Bp¼1.5�10�5 Pa s [30]. The compression stress (σ) can be
obtained from the shear stress using the following relationship:

σ τ= ( )M , 4

where M is the Taylor factor. Besides the shear stress, the strain
rate can also be expressed by the average dislocation velocity as:

ε
ρ

̇ = ( )
bv

M
, 5

m d

where ρm is the mobile dislocation density. From Eqs. (2)–(5), the
following expression can be obtained for the mobile dislocation
density:

ρ
σ

ε= ̇
( )

BM
b

.
6m

2

2

Using the yield strength and the strain rate values determined
in the beginning of the impact test, the initial mobile dislocation
density was estimated from Eq. (6) as ρ ≈ × −m4 10m

10 2. If the
same initial material is deformed quasistatically, the total dis-
location density has to be determined for the calculation of the
yield strength. XLPA is unable to determine such a small disloca-
tion density, as the lower detection limit of the method is
�1013 m�2. Therefore, the total dislocation density is estimated
from the mobile dislocation density obtained by Eq. (6). Assuming
that about one half of the dislocations are mobile [31], the total
dislocation density is about �8�1010 m�2. At low strain rates the
yield strength is determined by obstacle hardening with two im-
portant contributions, namely dislocation and grain boundary
strengthening. Assuming a linear addition between the Taylor and
Hall-Petch hardening terms, the following equation can be used
for the calculation of the quasistatic yield strength:

σ σ α ρ= + + ( )−kd MGb , 70
1/2 1/2

where σ0 is the friction stress (37 MPa for Ni [32,33]), k is the grain
boundary strengthening coefficient (5538 MPa nm1/2 for Ni
[32,33]), d is the grain size, α is a constant depending on the



Fig. 7. Fitted diffraction pattern for the impacted sample in logarithmic intensity
scale. The inset illustrates a part of the diffractogram in linear intensity scale, where
the difference between the measured and fitted patterns is also shown.
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arrangement of dislocations (0.26 for Ni [34]), G is the shear
modulus (76 GPa for Ni), ρ is the total dislocation density (in-
cluding both mobile and immobile dislocations). Substituting
M¼3 (as texture was not observed in the initial sample), d¼9 mm
and ρ¼8�1010 m�2 into Eq. (7), 99 MPa is obtained for the
quasistatic yield strength which is in a reasonable agreement with
the experimentally determined value (�109 MPa). The above
analysis indicates that the four-fold increment in strength due to
the seven order of magnitude higher strain rate is in accordance
with the different strengthening mechanisms at low and high
strain rates.

Fig. 4 shows that during the impact test the flow stress in-
creased up to the strain of 0.4, and then a plateau is observed.
From the in-situ determined flow stress and strain rate presented
in Figs. 4 and 5, respectively, the mobile dislocation density can be
obtained using Eq. (6). In this calculation, the change of the viscous
drag coefficient (B) have to be taken into account due to the in-
crease of the sample temperature as a result of the conversion of
plastic work into heat. Assuming that 90% of the plastic work (Wp)
was converted into heat in an adiabatic compression, the increase
of the sample temperature (ΔT) can be estimated from the fol-
lowing formula:

ρ
∆ =

( )
T

W

c

0. 9
,

8
p

mass p

where ρmass is the mass density (8908 kg m�3 for Ni) and cp is the
specific heat (446 J Kg�1 K�1). The calculated temperature as a
function of strain is plotted in Fig. 5. The sample temperature in-
creased from 300 K to �493 K during impact test. Then, using Eqs.
(3) and (6) the mobile dislocation density was determined and
plotted as a function of impact strain in Fig. 6. According to this
calculation the mobile dislocation density increased only by a
factor of three from �4�1010 m�2 to �1.5�1011 m�2 during
impact deformation. It should be emphasized that this calculation
is valid only if the flow stress is determined by viscous dislocation
drag even at high strains during DHPB test. In the next section, the
dislocation density at the end of the impact deformation will be
determined experimentally and compared with this calculated
value.

3.3. Microstructure after impact test

The EBSD image in Fig. 3c shows the microstructure obtained
Fig. 6. Mobile dislocation density determined from Eqs. (3) and (6) as a function of
impact strain. The mobile dislocation density at the end of DHPB test, as estimated
by XLPA, is also shown.
on the cross section of the sample impacted up to the strain of 1.2.
The loading direction is vertical in the image, however, the color
code indicates the orientations of the grains in the plane per-
pendicular to the loading direction. Strong texture was not ob-
served after impact deformation. A very fine grain structure with
an average grain size of 830 nm was developed during DHPB test.
The grain boundary misorientation distribution determined from
EBSD is shown in Fig. 3d. The fraction of low angle grain bound-
aries (LAGBs) with misorientations smaller than 15° increased
from 7% to 83% during impact test up to the strain of 1.2. The in-
crease of LAGB fraction during plastic deformation is usually
caused by the clustering of dislocations. Therefore, the large in-
crement in LAGB fraction suggests a considerable increase of the
dislocation density during impact test.

Fig. 7 shows the fitted diffraction pattern for the impacted
sample in logarithmic intensity scale. The inset illustrates a part of
the diffractogram in linear intensity scale, where the difference
between the measured and fitted patterns is also shown. The
average dislocation density and crystallite size in the sample im-
pacted up to the strain of 1.2 were 1072�1014 m�2 and
85716 nm, respectively, as determined by XLPA. The crystallite
size obtained by XLPA is smaller than the grain size determined by
EBSD by a factor of �10. This apparent discrepancy is often ob-
served in severely deformed materials and is readily explained by
the breaking of X-ray coherency due to the small misorientations
inside the grains [35]. Therefore, XLPA measures the size of the
subgrains or dislocation cells rather than the true grain size. As-
suming that one half of dislocations are mobile, the experimen-
tally determined mobile dislocation density at the end of the im-
pact test is �5�1014 m�2. This value is more than three orders of
magnitude higher than the mobile dislocation density calculated
from the in-situ measured stress and strain rate (see Fig. 6). This
difference suggests that Eq. (6) cannot be used for the calculation
of the mobile dislocation density at least at the end of the impact
test. Due to the very high dislocation density, the high strain rate
can be achieved with lower dislocation velocity than that required
for the observation of dislocation drag effect, as it will be discussed
in Section 4. Therefore, the flow stress is determined by obstacle
hardening with the contributions of dislocations and grain
boundaries. Confirming this assumption, the flow stress was cal-
culated from Eq. (7) using the dislocation density and the grain
size determined by XLPA and EBSD, respectively. The flow stress
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calculated from Eq. (7) is 698 MPa, which is in a reasonable
agreement with the in-situ determined value (716 MPa). In addi-
tion, the yield strength obtained ex-situ by quasistatic compres-
sion on the impacted sample was 650 MPa, which is only slightly
smaller than the in-situ measured value. These observations in-
dicate that there is a transition from viscous dislocation drag in the
beginning of DHPB test to obstacle hardening at the end of impact
deformation, which was caused by the reduction of the dislocation
velocity due to the increase of the dislocation density.
4. Discussion

It is well known that the flow stress usually increases with the
strain rate, however, the gradient of this increment is much
smaller at low strain rates than that at high strain rates. The strong
rise in flow stress starts at about 3�103 s�1 [18]. The difference in
the flow stress behaviors in the low and high strain rate regimes is
usually explained by the different processes obstructing the mo-
tion of dislocations. At low strain rates obstacle hardening is
dominant, while at high strain rates viscous dislocation drag de-
termines the flow stress. The dominance of these effects is de-
termined by the dislocation velocity. The dislocation velocities in
the low and high strain rates ranges can be estimated from Eq. (5).
For ρm¼4�1010 m�2, b¼0.25 nm and M¼3, the strain rate of
10�3 s�1 and 104 s�1 correspond to the dislocation velocities of
3�10�5 m � s�1 and 3�102 m � s�1, respectively. As the upper
limit of dislocation velocity is the transversal sound velocity
(csE2�103 m s�1 for Ni [30]), in the viscous drag regime the
dislocation velocity is higher than �0.1� cs. In the present ex-
periment the maximum strain rate was about 3�104 m � s�1,
which corresponds to the dislocation velocity of �0.3� cs. Re-
lativistic effects in the dislocation motion were not taken into
account during the present DHPB test, as the lower velocity limit
of the occurrence of these effects is �0.7� cs [30,36]. Therefore,
for dislocation velocities between �0.1� cs and �0.7� cs Eqs. (1)–
(5) are valid, and the derived Eq. (6) can be used for the calculation
of the mobile dislocation density.

A discrepancy between the dislocation densities obtained ex-
perimentally by XLPA and calculated from Eq. (6) was observed.
This difference can be attributed to the decrease of the dislocation
velocity below the lower limit of dislocation drag (�0.1� cs)
during the impact test. In the deformation process dislocations are
multiplicated and due to the increase of the mobile dislocation
density the shear strain provided by one dislocation in a unit time
is reduced, i.e. the dislocation velocity decreases. At the end of the
impact test, the mobile dislocation density can be estimated as one
half of the measured dislocation density (�5�1014 m�2). Sub-
stituting this value into Eq. (5), the dislocation velocity is obtained
as �2�10�4 � cs. This value is much smaller than the lower dis-
location velocity limit of viscous drag (�0.1� cs), therefore the
obstacle hardening determines the flow stress at the end of the
DHPB test. This observation is confirmed by the good agreement
between the in-situ and the quasi-statically ex-situ measured flow
stress values. In addition, these experimentally measured flow
stress values were in good agreement with the flow stress calcu-
lated as a sum of dislocation and grain boundary strengthening
contributions. The stress related to dislocation hardening
(469 MPa) was much larger than the stress obtained for grain
boundary strengthening (192 MPa). This indicates that dislocations
have the main contribution to the flow stress at the end of impact
test.

Our results suggest a gradual transition from viscous disloca-
tion drag to obstacle hardening during DIHPB test if the de-
formation is carried out up to high strains. In the present experi-
ment the maximum applied strain was 1.2, therefore, the
threshold strain of obstacle strengthening is certainly lower. For
the precise determination of the threshold strain of transition, the
dislocation density have to be measured experimentally as a
function strain and compared it with the values calculated from
Eq. (6). It should be noted that the plateau observed on the in-situ
measured stress-strain curve most probably indicates obstacle
hardening from two reasons. First, the modified Johnson–Cook
model predicts monotonous hardening in the stress-strain curve
for viscous dislocation drag in Ni [18]. Secondly, in the case of
obstacle hardening a plateau on the stress-strain plot is often
observed at high strains due to the dynamic equilibrium between
dislocation multiplication and annihilation [2]. As the plateau in
the present experiment started at the strain of �0.4 (see Fig. 4), it
is suspected that the threshold strain of transition between vis-
cous drag and obstacle hardening is not higher than this value. It is
also noted that recrystallized microstructure is often observed in
impacted pure metals [24]. In the present material, the high
measured dislocation density suggests the lack of recrystallization
during DHPB test, which may be caused by the considerable im-
purity content in the initial material.
5. Conclusions

Coarse-grained Ni with 98.4 wt% purity was deformed by DHPB
technique at an impact velocity of 132 m/s resulting in an initial
strain rate of 0.8�104 s�1. The maximum strain and strain rate at
the end of the impact were 1.2 and 3�104 s�1, respectively.
Complementary evaluation of the stress-strain curve and the mi-
crostructure yields the following conclusions:

1. The yield strength at the strain rate of �0.8�104 s�1 was
�428 MPa which is about four times larger than the value
(�109 MPa) obtained in quasi-static compression at the strain
rate of �2�10�3 s�1. This difference was successfully ex-
plained by the stress formulas used for viscous drag and ob-
stacle hardening at high and low strain rates, respectively.

2. In the beginning of the impact test, the initial mobile dislocation
density calculated from the yield strength was �4�1010 m�2.
Due to the fast dislocation multiplication, during impact test the
dislocation density reached �10�1014 m�2 at the end of de-
formation, as determined by X-ray line profile analysis. The
grain size was refined from �9 mm to �830 nm and the LAGBs
became dominant at the expense of HAGBs during impact de-
formation. Owing to the very high dislocation density, the large
strain rate is not related to a high dislocation velocity at the end
of the impact test. The dislocation velocity estimated from the
strain rate and the dislocation density is �2�10�4 � cs (cs is the
transversal sound velocity) which is too small for the occur-
rence of viscous dislocation drag.

3. Due to the large decrease in the dislocation velocity during
impact test, there is a gradual transition from viscous disloca-
tion drag strengthening to obstacle hardening. At the end of
deformation, the in-situ measured flow stress was close to the
yield strength of the impacted sample determined by quasi-
static compression. In addition, these measured values were in
good agreement with the yield strength calculated as the sum of
the dislocation and grain boundary strengthening. It was found
that dislocations have the main contribution to the flow stress.
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