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Abstract

This study deals with the mechanical properties of two
kinds of structural sintered steels under a wide range of
strain rate between 10™ and 10°s”. The split-Hopkinson
pressure bar (SHPB) technique was used for dynamic
tensile tests at the strain rates greater than 10%s”. The
stress-strain relations were experimentally determined, and
the tensile strength has been mainly discussed with respect
to strain rate and relative density.
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1. Introduction

Structural sintered steels are usually used at their relative
density [1] of approximately 90%, and their tensile
strengths are almost equivalent to pore free wrought steels
[2]. For instance, conventional Fe-2Cu-0.5C (in mass%)
steel has a static tensile strength of around 400MPa and
high strength Fe-4Ni-1.5Cu-0.5Mo-0.5C steel shows that
of around 600MPa. However, these sintered steels
obviously show inferior characteristics in toughness to the
ingot steels. Due to this, the Charpy tests on them have
been performed with notchless specimens instead of
notched specimens usually used for the other materials [3].
Furthermore, the notchless sintered steel specimens
showed extremely low impact toughness of around
between 10 and 20J/cm® while the U-notched ingot steel
specimens showed that around 50 to 100J/cm? [2]. Thus,
the sintered steels subjected to dynamic or impact loading
are very brittle, and therefore a number of studies
concerning their impact characteristics mainly obtained
from the Charpy tests have been reported in Ref. [4-12] so
far. However, the Charpy impact toughness can not be
directly used as fundamental data for machine design and
the toughness of notchless specimen can not be compared
with that of notched specimens of wrought materials as
well. The economically advantageous sintered steels
should be consequently kicked out of the list of the
candidate materials for machine components possibly
subjected to impact loading. Therefore, it should be
industrially very useful to obtain the dynamic tensile
properties of the sintered steels as fundamental but the
most important characteristic among the mechanical
properties especially under dynamic loading, or high strain
rate. However, the limited number of studies on the
dynamic tensile properties of the sintered steels and the
other steels made through powder metallurgy has been
done. Nahme et al. investigated the dynamic mechanical

properties of TiB, particle-reinforced stainless steels in
conjunction with their microstructures, and observed the
significant increases in both static and dynamic tensile
strengths due to the particle reinforcement [13]. Lee et al.
discussed the impact tensile behaviours of sintered
stainless steels and Fe-2Ni alloy, and revealed their tensile
strengths increased at higher strain rates [14]-[16].

As mentioned above, there have been only a few
previous studies concerning the tensile properties of the
sintered steels under high strain rates, however, no
sufficient data has been obtained yet to well understand
their fracture manners at high strain rates. In particular,
although the sintered steels, namely Fe-2Cu-0.5C and Fe-
4Ni-1.5Cu-0.5Mo-0.5C have been generally and widely
used for many sorts of mechanical parts such as oil pump
rotors, gears, cams, pulleys and so on, both the steels have
not been well treated as target materials for investigation
so far. Cu is widely used next to C as an alloying element
in the structural sintered steels since Cu is easy to be
deoxidised and very effective to make the sintered steels
stronger [17]. Diffusion alloyed steel, namely Fe-Ni-Cu-
Mo-C made from the mixture of the powder of Fe partially
alloyed with the powders of Ni, Cu, and Mo and the
powder of C, has been used as material for the components
which require high strength and good precise formability
[17]. 1t is, therefore, very important for understanding the
real aspects of their fracture mechanics as well as for the
extent of applicability through the improvement of their
mechanical properties to assess and analyse the impact
tensile properties.

This study deals with the effect of strain rate on the
mechanical properties, namely stress-strain response and
tensile strength of the two conventional sintered steels
mentioned above with respect to their relative density. To
this end, both quasi-static and impact tensile tests on them
have been performed.

2. Materials and Methods

2.1 Materials
Materials used in this study were two kinds of sintered
steels, namely Fe-2Cu-0.5C (Steel M) and Fe-4Ni-1.5Cu-
0.5M0-0.5C (Steel D) steels. Both the steels were offered
by the manufacturer (Diamet Corp., Japan) and made in
accordance with the standard powder compaction process
briefly described as below.

The Steel M was made from the raw powders of Fe, Cu
and C and the Steel D from those of partially alloyed Fe-
4Ni-1.5Cu-0.5Mo and C. The raw powders of each steel
were first mixed together at a given mixture ratio for each
steel, and then the powder compaction process was applied
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to each mixture so as to get the rectangular rods of 60 <10
X 10mm® and 80 10X 10mm”® with the relative densities
of approximately 85, 90 and 95%. The compacting
pressures of 420 and 620MPa were applied to the mixture
at room temperature to achieve the relative densities of 85
and 90%, respectively, while the compacting pressure of
710MPa at 120°C was chosen to get the rods with the
relative density of 95%. All the compacted rods were
sintered in endothermic gas at 1120°C for 1.2ks. After
being sintered, the rods were machined into dumbbell
shaped tensile specimens. The quasi-static tensile
specimens with gauge section 26mm long and 4.5mm in
diameter [18] were machined from the rods of 80X 10X
10mm’, while the specimens with gauge section 4mm long
and 4mm in diameter for impact tensile tests (Fig.1) were
machined from those of 60 > 10> 10mm”.

The physical and static mechanical properties of the
Steel M and D are listed in Table 1. In this table, material
symbols are appeared as capital letters (the same symbols
of the investigated steels) followed by the values of the
relative density, respectively.

In order to recognise the size effect of specimen on
tensile strength, the specimens shown in Fig.1 of the Steel
M and D with the relative density of 85% were subjected
to quasi-static test. Tensile strengths of the D-85 and M-85
with the specimens in Fig.l were 498 and 317MPa,
respectively. It was confirmed that they were almost same
as the tensile strength with ISO standard specimens shown
in Table 1.
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.
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Fig.1 Specimen geometry and dimensions for tensile

SHPB experiment

Table 1 The physical and static mechanical properties of
the Steel M and D

. Density Relative 002 og Elongation Young’s
Material 3 .o o
0 [Mg/m’] density [%] [MPa] [MPa] ¢ [%] modulus [GPa]

D-85 6.77 86 313 515%2 1.2 113+6
D-90 7.11 91 352  643*8 2.4 140%19
D-95 7.39 94 371 723%8 3.3 162+6
M-85 6.67 86 239  318+2 0.6 108*15
M-90 7.01 90 287 40110 0.9 134+5
M-95 7.31 94 313  438%+6 14 15618

2.2 Experimental methods
Quasi-static  tensile tests at low strain rates of
approximately 7x10 s were performed using an Instron-
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type materials testing machine with an attachment of
extensometer directly to the gauge section of the specimen.

Impact tensile tests at high strain rates between 4x10'
and 8x10°s™" were performed using the SHPB apparatus
(Fig.2). The SHPB apparatus consists basically of an air
gun, a striker bar, two Hopkinson pressure bars, designated
“Bar No.1” and “Bar No.2”, respectively, and recording
equipments. These three bars are made of 20mm diameter
bearing steel rods. In this particular type of the tensile
SHPB apparatus originally developed by Nicholas [19],
after the specimen was screwed into the Bars No.l and
No.2 as shown in Fig.3, a split-collar, made of the same
material as the Hopkinson bars, with outer and inner
diameters of 20mm and 8mm, respectively, was placed
between the pressure bars over the gauge length of the
specimen and properly tightened by twisting one of the
bars. The ratio of the cross-sectional area of the collar to
that of the Bars No.l and No.2 is 0.84:1, whereas the ratio
of the area of the collar to the net cross-sectional area of
the parallel part of the specimen is 21:1. A compressive
strain pulse generated by an impingement of the striker bar
on the Bar No.l travels through the composite cross
section of the collar and specimen without serious
compression to the specimen (simple calculation based on
the area ratio mentioned above expects the pre-
compression with the magnitude of approximately 10% of
the incident load to the specimen) and transmits into the
Bar No.2. When the compressive strain pulse reaches the
free end of the Bar No.2, it reflects and propagates
backward as a tensile strain pulse (&;). The tensile pulse, on
reaching the specimen-Bar No.2 interface, is partially
transmitted through the specimen (&) and partially
reflected back into the Bar No.2 (&.). Note that the collar,
in which the most of compressive pulse passed through, is

Striker bar
¢ 20600 Bar No. 1 ¢ 20 x 4000 _Bar No.2 20 x 2000

1000 |~ 1000 _
Strain gauge I |

Specimen Strain gauge

Wheatstone
bridge

Preamplifier
Digital storage Personal
osci | loscope computer

Fig.2 Schematic of tensile SHPB apparatus

Shock
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Air Compressor

Specimen Split collar
| sovoooaanaooa |
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— '
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Fig.3 Detail of attachment of specimen into SHPB
apparatus
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unable to support any tensile loads because it is not
fastened to the bars. Consequently, the entire tensile
loading of the specimen can be achieved if we use the
tensile strain pulse as an incident strain one. That is, after
the tensile strain is reflected from the free end of the Bar
No.2 and starts to propagate backward along the bar, the
experimental apparatus becomes identical to the
compressive SHPB apparatus widely used in the previous
studies except for the change in sign of the loading pulse
and the use of a threaded joint to attach the specimen in
place of a cylindrical compression specimen [19]. In the
apparatus, signals of the incident, reflected and transmitted
strain waves were detected by two sets of foil strain gauges
with a gauge length of Imm (Kyowa, Type KFG-1N-120-
CI-11L1IM2R) glued on the Bars No.l and No.2,
respectively, and stored in a digital storage oscilloscope
(Recroy, Model Wave Pro 715ZI) with a sampling
frequency of 10MHz. Typical oscilloscope records for the
tensile SHPB tests on the Steel M are shown in Fig.4.
Nominal strain rate ¢, strain e and stress s in the specimen
are calculated by the Egs. (1), (2) and (3), respectively:

{0 = e0-2,0-5,0) (1)
e(t) = % Iot{a,- (=&, —¢,(1))dr @)
s(t)= ;;/i {g(OD+e.()+&,(0)} 3)

The force at the Bar No.2/specimen interface P, and
that at the specimen/Bar No.1 interface P, are given as:

P (t) = AE{¢;(t) +¢&.(t)}, P,(t)= AE¢, (1) )
If the forces at the both interfaces are equal, that is,

P\=P,, or &(t)+¢.(t)=¢,(t), Egs. (1), (2) and (3) can be
simplified:

=252 e (0 5,0) )
e(t) = 2_5?0 jot{g,.(r) &, (1)t 6)
s(f)szs, 0 ™)

True strain rate & , strain & and stress o are also
calculated by Egs. (8), (9) and (10), respectively:

P @®)
l+e
e=In(1+e) ©)

o=s(l+e) (10)

In this study, the true stress-true strain responses were
obtained using the equations from (5) to (10). The
discrepancy between the true stress by Eq.(3) and that by
Eq.(7) was confirmed to be within 5%, that is, Eq.(7) gave
us the underestimated values of the true stress comparing
with Eq.(3). The sintered steels essentially show brittle
fracture manner, and so we have decided to use Eq. (7) for
the determination of their tensile strengths from the
perspective of safe design. Such evaluation could have no
effect on any conclusion of the present study.

All tensile tests mentioned above were performed in air
and at room temperature of 20°C, and fracture surfaces of
some specimens of the Steel M and D with different
relative density after tensile testing were observed using a
scanning electron microscope (SEM). The SEM
micrographs of fracture surfaces were subjected to image
analysis to obtain the area ratio according to fracture
pattern, of which the ratio to the total fracture area was
calculated as the area ratio.

Bar
No.1

Bar
No.2

Sweep rate: 100us/div.
Vertical sensitivity: 1.0x10™ strain/div.

Fig.4 Typical oscilloscope records for tensile SHPB test on
the Steel M

3. Results and Discussion

The typical true stress-strain responses of the Steel M and
D with the relative density of 95% under various strain
rates in this study are shown in Fig. 5. Similar results to
Fig.5 were obtained for the other steels independently of
strain rate and relative density without any significant
difference in Young’s modulus. The maximum value of the
true stress was determined as the tensile strength, and
discussed in this study.

Figure 6 shows the strain rate dependence of the tensile
strength for both the Steel D and M. Within the range of
strain rate between 4x10' and 8x10’™ no clear effect of
strain rate on the tensile strength of both the steels was
found independently of relative density. However, both the
steels appeared to show large tensile strengths under such
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Fig.6 Tensile strength as a function of strain rate

high strain rates compared to those under low strain rate
independently of relative density. That is, the difference

between quasi-static and impact tensile strengths was small.

Figure 7 shows the tensile strengths of the Steel D and
M plotted against relative density. The Steel D clearly
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Fig.7 Tensile strength plotted against relative density
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showed larger tensile strengths than the Steel M
independently of strain rate and relative density. The
tensile strength increased with increasing relative density
in both the steels independently of strain rate.

Figures 8 and 9 show the SEM micrographs of the
fracture surfaces of quasi-static and impact tensile
specimens for the Steel M and D with the relative density
of 85% and 95%, respectively. And, Tables 2 and 3 show
area ratio of fracture patterns of fracture surfaces for the
Steel D and M. The Steel M with the relative density of
85% and 90% showed intergranular fracture at prior
powder particle boundaries in both the static and impact
fracture surfaces, while the transgranular or cleavage
fracture in some prior powder particles was observed in the

M-95 Static

Fig.8 SEM micrographs of the fracture surfaces for the
Steel M with the relative density of 85% and 95%
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-
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Fig.9 SEM micrographs of the fracture surfaces for the
Steel D with the relative density of 85% and 95%
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Table 2 Area ratio of fracture patterns of fracture surfaces
for the Steel D (area %)

Tensile test Static Dynamic
Material D-85 D90 D-95 D-85 D-90 D-95
Intergranular 20 21 17 16 18 17
Fracture
pattern Transganular 2 5 14 2 4 12
Non-transformative 78 74 69 82 78 71

Table 3 Area ratio of fracture patterns of fracture surfaces
for the Steel M (area %)

Tensile test Static Dynamic
Material M-85 M-90 M-95 M-85 M-90 M-95
Intergranular 20 20 18 18 19 23
Fracture
pattern Transganular 0 0 2 0 0 2
Non-transformative 80 80 80 82 81 75

Steel M with the relative density of 95%. This suggests
that the key factor to increasing the tensile strength is
thought to be diffusion bonding between the powder
particles of Fe. Therefore, larger relative density increases
the contact surface area between the powder particles of Fe,
which results in the increase of the tensile strength. On the
other hand, the Steel M showed the transgranular or
cleavage fracture in some prior powder particles even with
the lowest relative density. With increasing relative density,
area ratio of transgranular or cleavage fracture increased.
The effect of density on the tensile strength of the Steel D
is considered to be the same as that of the Steel M.

Figure 10 shows the microstructures of the Steel D and
the Steel M. From the figure, it can be seen that the Ni rich
layer is formed at the contact surface between the Fe

D-90

Fig.10 The microstructures of the Steel D and Steel M

particles during the sintering process in the Steel D. Larger
area ratio of intergranular fracture of the Steel D
comparing with that of the Steel M indicates that the Ni
rich layer contributes to enhance adhesive strength of the
Fe particles, which is considered to contribute higher
tensile strength of the Steel D than that of the Steel M. No
clear different aspects in fracture manner between quasi-
static and impact tension was recognised in both the Steel
M and D. From Tables 2 and 3, it can be found that the
majority of fracture surfaces is non-transformative area,
which consists of non-transformative prior particle
boundaries and pores, in all the conditions. This indicates
that the fracture mode of the whole material is brittle, from
which it is supposed that the effect of strain rate on tensile
strength is small.

4. Conclusions

A series of tensile experiments on conventional sintered

steels, namely Fe-4Ni-1.5Cu-0.5Mo-0.5C (Steel D) and Fe-

2Cu-0.5C (Steel M), were performed under low and high
strain rates in this study. The results mainly obtained are
summarised as follows:

(1) Larger tensile strengths were observed under high strain
rates than under low strain rates in both the Steel D and
M independently of relative density, however the
difference of the strength was small.

(2) Tensile strength increased with increasing relative
density in both the Steel D and M independently of
strain rate.

(3) SEM observation revealed that the intergranular and
transgranular fracture occurred in the Steel M and D,
respectively, but no clear difference in such aspects
between the quasi-static and impact tensile fracture was
found.

Nomenclature

A cross sectional area of the Bars No.1 and No.2, m

Asg cross sectional area of the specimen, m’

C)y longitudinal elastic wave velocity of the Bars No.1 and
No.2, m/s

E Young’s modulus of the Bars No.1 and No.2, Pa

P, force at the Bar No.2/specimen interface, N

P, force at the Bar No.l/specimen interface, N

e nominal strain

. . -1
e nominal strain rate, s

>

[/ initial length of the specimen, m
s nominal stress, Pa

t time,s

& true strain

& true strain rate, s™!

&;(¢) incident strain wave
&(t) transmitted strain wave
o true stress, Pa
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