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In this paper, the preliminary results of the mechanical characterization in a wide range of
strain rate of the 30MnB4 steel, usually adopted for fasteners, are described. In this study the
different issues required to implement the dynamic test results in numerical code have been
analyzed. Different experimental techniques have been used for different strain rates: univer-
sal machine, Hydro-Pneumatic Machine, JRC-Modified Hopkinson Bar and Split Hopkinson
Pressure Bar. The failure at high strain rate has been examined by means of fast digital image
recording systems. The material shows enhanced mechanical properties increasing the strain
rate: this fact can be taken into consideration to improve the product design and the manu-
facturing process. The experimental research has been developed in the DynaMat laboratory
of the University of Applied Sciences of Southern Switzerland and in the Laboratory of Dy-
namic Investigation of Materials in Nizhny Novgorod, in the frame of the Swiss — Russian Joint
Research Program.

1. INTRODUCTION

The fastening technology is of capital importance in the transport fields
(aeronautic, automotive, etc.). Thanks to the development of advanced model-
ing tools, as FE codes, it is now possible to study the manufacturing process
of fasteners, which are, for some aspects, similar to impacts (forming loads are
applied in fraction of seconds). Such advanced modeling tools require informa-
tion about the strain rates behavior of materials in terms of constitutive laws
in a large range of strain rates. The experimental research developed by the
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DynaMat laboratory of the University of Applied Sciences of Southern Switzer-
land in collaboration with Agrati Group, is inserted in this frame. The paper
describes experimental techniques used to carry out dynamic tensile tests on
steels used in fastening. The high strain rate tests have been performed using
a JRC-Modified Hopkinson Bar (JRC-MHB) and a Split Hopkinson Pressure
Bar (SHPB), while the medium strain rate tests have been performed by means
of a Hydro-Pneumatic Machine (HPM). The tests have been carried out loading
the specimens with tensile stress at different strain rates, from 5 to 2500 1/s.

The analysis of the material has been carried out studying both the exper-
imental results in terms of engineering and true stress versus strain curves and
fracture. The characteristics of fracture, the reduction of area of the specimen
cross-section after failure in the necking zone, as well as the fracture strain, have
been obtained by means of acquisition of two images, before and after the failure
of the specimen. The tests have been also filmed utilizing a high speed camera
in order to obtain information about the progression of the necking phase.

The higher strain rate tests have been carried out in the Laboratory of
Dynamic Investigation of Materials in Nizhny Novgorod, in the frame of the
Swiss — Russian Joint Research Program.

1.1. Manufacturing process

The production of a bolt for fastening is a quite complex process including
wire/rod preparation, cold, warm or hot forming and thread rolling. A typical
rod preparation cycle consists in: annealing of steel coils (spheroidizing); pickling
in HoSOy; phosphating; cold drawing; storage before cold forming.

Fasteners are usually produced in multi-station forming machines, by cut-
ting, heading and extrusion of the material, and thread rolling. The speed of
these operations are rather high, in fact a multi-station forming machine is nor-
mally able to produce 60 to 200 pieces by minute, according to the fastener
dimension and complexity.

After the forming process, the cycle usually includes heat treatment to give
the defined mechanical properties, and the application of coating/lubrication on
fasteners, to ensure performances in terms of corrosion resistance and friction
coefficient. The result of a finite element analysis of the cold forming cycle is
shown in Fig. 1. In this example, the total equivalent plastic strain is the selected
parameter.

All four cold forming steps are shown in Fig. 2. The last but one is the result
of thread rolling; and the last one in the picture is the bolt after heat treatment
and after non-electrolytically applied zinc flake coating. Thread is obtained by
plastic deformation of the shank, without any removal of the material.
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Fic. 1. FEM results of the cold forming cycle.

]
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Fia. 2. Sequence of cold forming of fastener.

2. MATERIAL

The analyzed material is the 30MnB4 steel, according to EN 10263-4 [1].
The chemical composition of this steel is shown in Table 1.

Table 1. Chemical composition.

C Si Mn P S Cr |Mo| Cu B
Standard
Require- {0.27+0.32(< 0.30|0.80+1.10|< 0.025|< 0.025[< 0.30| — |< 0.25]0.0008=-0.005
ments
Specimens 0.28 0.12 0.83 0.01 0.004 | 0.17 | — | 0.13 0.0027

The steel was supplied by the steelmaker in hot-rolled condition, with rod di-
ameter of 7.50 mm. The material is normally characterized by a tensile strength
R,, = 632 ~ 640 MPa and the percentage reduction of area after fracture
Z =62 +50%.
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In this case, after the preparation cycle, the rod for specimens has got the
following characteristics:

e diameter = 6.15 mm (reduction of area during cold drawing ~ 33%);
tensile strength R, = 695 = 720 MPa;
e percentage reduction of area after fracture Z = 55 + 59%;

e core hardness ~ 238 HV 3.

The micro-hardness scanning (Fig. 3) shows superimposed effects of hot
rolling, annealing and cold drawing processes of the rod.
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F1G. 3. Hardness distribution on the depth.

To discuss micro-hardness profiles it is important to take into consideration
the residual stresses distribution, whose effects are to be added to the grain
dimensions.

In Fig. 4a and Fig. 4b the transversal and the longitudinal section in the core
are shown (500x ). In the first picture it is possible to observe the not completely

a)

g O &Y.

c)

FiG. 4. Ferritic-pearlitic micro-structure.
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lamellar pearlite and in the second picture — the longitudinal “pancaked” grain.
Finally, in Fig. 4c, the longitudinal section at the surface (500 ) is shown, where
the grain refinement compared to the core micro-structure is evident.

3. EXPERIMENTAL PROGRAM

The experimental techniques for high-strain-rate measurements are described
in literature [2-7]. The dynamic tests were conducted on round specimens de-
picted in Fig. 5.

© (o= 1

15 5 15

F1G. 5. Specimen geometry.

These specimens were tested in different conditions: using stroke-controlled
static procedures and with HPM, JRC-MHB and SHPB dynamic experimental
techniques. The Universal Machine used for quasi-static tests and the HPM used
for medium strain rates are shown in Fig. 6.

F1c. 6. a) Universal Machine; b) Hydro-Pneumatic Machine.

The JRC-MHB has been used for high strain-rate tests and consists of two
cylindrical high strength steel bars, having a diameter of 10 mm, with length
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of respectively 9 and 6 m for the input and output bar. The steel specimen is
assembled between the two bars, as shown in Fig. 7 [8-9].

Pre-stressed bar Input bar Output bar
A
blﬁdng — ~ ~
system
hydraulic ! . "
T T Tension wave
actuator W ‘EHSIOH wave '

Hﬁﬁ_
Brittle intermediate piece/ ! strain-gauge strain-gauge

specimen

Fic. 7. JRC-MHB scheme.

The test with the MHB is performed as follows:

1) an hydraulic actuator, with maximum loading capacity of 600 kN, applies
a tensile load on a part of the input bar (pre-stressed bar, with a length
of 6 m and diameter of 10 mm); a blocking device permits to store elastic
energy pulling the pre-tension bar;

2) breaking of the brittle bolt in the blocking device gives rise to a tensile
mechanical pulse, which propagates along the input and output bars and
brings the specimen to fracture. The pulse has a duration of 2.4 ms, with
linear loading rate rise time of 30 ps.

The input and output bars are instrumented with strain gauges which mea-
sure the incident, reflected and transmitted pulses acting on the cross-section
of the specimen. A part of the input bar is used as a pre-stressed bar. On the
basis of the incident (e7), reflected (¢g) and transmitted (er) records, of the
consideration of the basic constitutive equation of the input and output elastic
bar material, of the one-dimensional wave propagation theory, it is possible to
calculate the stress, strain and strain-rate curves with the following equations
[10-12]:

Ap

(31) ou(t) = B len(t),  enlt) = 2 / cnlt)dt,  E(t) =~ 2 en(r),
0

where Ej is the elastic modulus of the bars; Ag is their cross-section area; A is
the specimen cross-section area; L is the specimen gauge length; Cj is the sound
velocity of the bar material.

Similar tests have been carried out using a traditional SHPB (Fig. 8) placed
in the Nizhny Novgorod State University [13]. Pulse loads in a SHPB are gener-
ated using compact 10-mm gas guns. Tensile tests are conducted following the
modified Nicholas scheme [14]. For testing high-strength steel, pressure bars of
12 mm diameter were used. The first pressure bar is 1.5 m long and the second
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AP ey

Set of Split Hopkins

Fi1G. 8. SHPB for dynamic tests.

bar that has a free rear end is 0.75 m long. Tensile pulse in the Nicholas’ scheme
is formed due to the presence of a split ring surrounding the specimen (Fig. 9)
and reflection of the transmitted pulse from the free rear end of the second bar.

F1G. 9. Phases of the assembly of the specimen to the testing device.

4. RESULTS AND DISCUSSION

The results of the preliminary tests are collected in Table 2. In Fig. 10 the
engineering and true stress versus strain are depicted.
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F1c. 10. a) engineering stress vs. engineering strain curves; b) true stress vs. true strain
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Table 2. Experimental results.

Strain rate R Uniform elongation Total elongation Reduction
57 [MPa Eu £t of area Z [%]
107° 770 1.2% 13.1 % 52.3

5 815 1.7% 13.2% 52.4
150 856 1.7% 14.6% 50.6
600 899 1.4% 15.5% 54.5
800 926 1.0% 16.9% 55.7

1000 990 0.9% 19.7% 55.7

In order to analyze the failure behavior of 30MnB4 steel, some tests have been
recorded by a Specialized Imaging Duplex Ultra Fast Framing Camera (with
a speed up to 200 Mfps, see Fig. 11b), able to record up to 16 images without
compromising on shading, or parallaxing. In Fig. 11a is shown the engineering
stress versus strain curves, with the indication of the photo made by the fast
camera.

The photos of the failure (Fig. 11c-h) reveal the ability of the camera to
capture the necking process.

The true stress vs. true strain curve is regarded as significant until the ulti-
mate tensile stress (where the necking begins) is reached. After this point, stress
localization and fracture propagation governs the flow curve, which is no more
representative for homogeneous mechanical properties of the materials. In this
case, beyond the point of ultimate strength in the engineering stress-strain curve,
the one-dimensional true stress-strain curve should be reconstructed, by calcu-
lating the true stress and the true strain using the Bridgman formulae, [15] which
introduces the correction for the triaxial stress state. At fracture the Bridgman
formulae can be written as follows:

Oeng. fracture

4.1 rue,fracture — )
(4.1) Ftrue fracture = 7775 B 7o) (1 + a/2R)

where ¢ — minimum radius at fracture cross-section, R — meridional profile radius
at fracture neck (see Fig. 13a), Otrue fracture = Phracture /7Ta2 — the average true
stress at fracture and Practure the fracture force.

ao
(42) Etrue,fracture = 2-In ﬂa
where ag is the initial diameter of the gauge length cross-section.

For the complete construction of the true stress-strain curve during the neck-
ing deformation phase, a straight line is drawn between the ultimate tensile
strength (uniform strain) point and the fracture point, the latter being deter-
mined by application of Eqs. (4.1) and (4.2).
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Fi1G. 11. High speed digital camera.

A more refined determination of the true stress vs. true strain curve between
the point of ultimate tensile strength (uniform strain) and the point of fracture,
has been performed, using the following method:

e fast recording of the test,

e repetition, at defined increasing deformation levels, of the optical measure-

ments of the meridional radius at neck (R) and of the minimum radius at
neck cross-section (a),

e calculation, with the Egs. (4.1) and (4.2), of the true stress and true strain

values, for the defined deformation levels.
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In Fig. 12b the results of the described measurement are shown. It is pos-
sible to observe how well the linear trend describes the necking process in the
true stress vs. true strain diagram. Subsequently we have demonstrated a good
approximation of the procedure which only exploits the Bridgman formulae and
the information given by the engineering curve, and by the measurement of the
fracture geometry.
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Fic. 12. a) parameter for Bridgman formulae; b) points measured by fast camera.
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4.1. Comparison between JRC-MHB and SHPB

The SHPB is not able to generate enough energy to break the specimen for
strain rates less than 1000 1/s because of the short length of the striker bar.
The comparison of two tests performed with SHPB and JRC-MHB is shown in
Fig. 13a; in the first case, the specimen is only deformed to the necking phase
(see Fig. 13b) while in the JRC-MHB all the plastic fields are detected, till
failure. At the moment, the JRC-MHB set up does not reach the same velocities
of the SHPB. To obtain those values, the JRC-MHB should be realized in very
high strength material (for instance a thermally aged, maraging steel), instead
of the high strength steel actually utilized. In order to obtain low strain rate
with the SHPB, longer striker bar should be adopted.
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Fic. 13. a) Comparison of the two test set-ups; b) Necking in the specimen.

During the testing activities, the influence of the rise time of the load pro-
cess on the materials behavior, in the elastic range, has been noted. This phe-
nomenon, observed for HSS steels, is evidenced as an instability of the curves,
which shows a high first peak. The rise time of the SHPB set-up is about 150 us,
while the JRC-MHB set-up reaches up to 30 us.

For the tensile tests in particular, the JRC-MHB set-up permits to obtain
a perfect direct loading of the specimen, while in the SHPB set-up this is ob-
tained by inversion of the waves at the free end of the bar. The comparison
between the records observed within the two solutions is shown in Fig. 14.

Specimens at high strain rates, over 1000 1/s, have been tested with the
SHPB apparatus.

Three true stress curves versus true strain curves are depicted in Fig. 15a.
The increase of the ultimate tensile strength in function of the logarithm of the
strain rate is shown in Fig. 15b. Up to 1000 1/s, the Dynamic Increase Factor
is less than 1.2; for higher true strain values the DIF could be more than 1.8.
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Fic. 14. Signals from: a) SHPB; b) JRC-MHB.
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Fi1a. 15. a) high strain rate tests with SHPB; b) Dynamic Increase Factor (DIF) versus
strain rate.

5. EXAMPLE OF A MATERIAL CONSTITUTIVE LAW CALIBRATION

Advanced modeling tools require information about the strain rate behavior
of materials in terms of constitutive laws in a large range of strain rates. Also in
the case of fasteners this topic cannot be avoided. In this paragraph the plastic
behavior of the 30MnB4 steel by the Johnson-Cook constitutive model [16] is
explained. This model is intensively used to describe the material strength in the
numerical simulations of dynamic events and provides satisfactory results, when
strain rates are lower than 103 s~!. This model assumes that the dependence
of the stress on the strain, strain rate and temperature can be multiplicatively
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decomposed into three separate functions. Then, this model gives the following
relation for the flow stress oy:

(5.1) oo =[A+B-(e)"]- [1 +C-ln (Z—p>] [ =T,

0
where €, is the equivalent plastic strain, €, is the considered test strain rate, €g is
a reference strain rate (usually equal to 1s71), A, B, C, n and m are five material
constants that have to be determined. The parameter n takes into account the
strain hardening effect, the parameter m models the thermal softening, and C
represents the strain rate sensitivity. Finally T is:

0 for T<T,,
* _ T-T,
(52) T = T_%r fOl“ TT < T S Tm,

1 for T>1T,,

where T is the current temperature, T, is the melting temperature (assumed
1507°C for the 30MnB4 steel), and T is a reference temperature.

5.1. Determination of A, B and n in the JC model

The experimental quasi-static data can be used to plot the plastic curve
characteristic of the material at room temperature (20°C): o¢rye versus €. This
curve is best fitted by:

(5.3) oo=A+B- GZ,

where A = 625 MPa is the stress yield point of the static curve, while B and n
are determined using a regression-analysis procedure. The obtained parameters
are B = 628.9 MPa and n = 0.4097 (with R? = 0.7672).

5.2. Determination of C in the JC model

Firstly, it is assumed that the reference strain rate is ég = 1 s~1. It is further
assumed that the specimen remains at room temperature, thus neglecting the
thermo-plastic effects (T® = 0). Assuming that the strain rate is constant during
the experiment, the parameter C'is evaluated for three different strain rates (é,):
5571, 135 s7! and 611 s~

Under these assumptions the experimental stress versus plastic strain curves
were fitted with the following formula:

(5.4) o0 = [625 + 628.9 - (¢,)*10%7] - [1 +C-In C—Z’)] .
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5.3. Determination of in the JC model

In order to determine the parameter m, experimental results at both the
room temperature and higher temperature are needed. Experimental results at
high strain rates at 20°C and 450°C have been used.

The ratio R between the stresses at a specific plastic strain can be calculated
if experiments at the same strain rate are carried out. In particular, m can be
evaluated as:

_ log(1-R)
(5.5) m = Tog@)

Considering the true stresses at the temperature 450°C divided by the true
stresses at room temperature (20°C), in the flow true stress versus plastic strain
curve, it results an average value of R = 0.6031. Substituting this value into
Eq. (5.5), m = 0.7448 is obtained.

The results of the calculated parameters are reported by the following table.
Figure 16 shows the goodness of the Johnson-Cook fit up to 10 1/s. For higher
values of strain rates it seems that this relationship does not appropriately
describe the real behavior of the material; for this reason, our attention will
be focused to the development of future new constitutive laws.
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F1G. 16. Experimental data vs. JC FIT for 30MnB4 at 5 s™*.

6. CONCLUDING REMARKS

The 30MnB4 steel tested in this preliminary phase resulted to be rate sensi-
tive. This steel is usually adopted for fasteners. The manufactory process induces
into the material a very complicated history of strain, provoked by cold form-
ing and thread rolling. The production procedure is often carried out at a high
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velocity, then a mechanical characterization in a wide range of strain rates is
needed.

In this preliminary phase a series of tests by means of different experimental
techniques have been performed, in order to show the capability of describing
the actual material behavior.

It has been demonstrated how the fast recording of the failure process is well
described by a linear function between the ultimate tensile strength/uniform
strain, the failure point obtained by the Bridgman formulae and the geometric
information by the high speed digital camera.

The high strain rate behavior has been studied by means of two types of
set-ups. The traditional SHPB and the JRC-MHB have been compared. From
this comparison, some comments can be summarized. First of all, the capacity of
the JRC-MHB to follow the full plastic field in the range of strain rates between
100 and 1000 1/s, in the case of traditional SHPB, this is not possible without
the use of longer striker bar. The JRC-MHB performs direct tensile test; the
same cannot be affirmed for the SHPB. In fact, it uses the reflected wave from
the free end but the presence of spurious reflection, due to the split ring, causes
overlapping waves what is often difficult to analyze. The SHPB should be used
in compression; to obtain direct tensile test, the pulse should be directly applied.

An example of calibration of the Johnson-Cook model has been carried out,
in order to integrate the results in numerical codes and to reproduce plastic
deformation occurring in dynamic regime for 30MnB4 steel.

These results indicate the advantage of using a dynamic characterization of
steel, in order to improve the quality of the fastener products and enhance the
production capacity.
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