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In this study, to evaluate the change in the stress and die-wall frictional characteristics during high-velocity compaction (HVC),
a metal powder was subjected to HVC with a heavy hammer based on the stress-testing technology and Janssen-Walker model.
The changes in the green density, stress characteristics and coefficients of friction at different impact heights were investigated.
The density of green compacts increased with the increase in the impact height. The stress in the upper and lower punches and
the die wall showed repeated loading and unloading. The coefficient of friction of the die wall underwent three stages and was
related to powder densification. As the height position along the side wall was increased, the coefficient of friction increased
gradually. With an increased impact height, the coefficient of friction increased significantly in the incomplete-molding stage
but remained constant in the complete-molding stage. This work expands the theoretical basis of densification processing ol a
metal powder during HVC.
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V ¢lanku avtorji predstavljajo Studijo napetostnih sprememb in znacilnosti trenja na stenah orodja med stiskanjem
(kompaktiranjem) kovinskega prahu z veliko hitrostjo. Kovinski prah so izpostavili stiskanju z veliko hitrostjo s pomodjo
teZkega kladiva na osnovi napetostno-preizkusne tehnologije in Janssen—Walkerjevega modela. Med preizkusi so ugotavljali
spremembe v zeleni gostoti, napetostnih karaklteristikah in koeficiente trenja pri razli€nih hitrostih udarcev kladiva. Zelena
gostola je naraSCala z naraSCajoCo hitrostjo udarcev. Sprememba napetosti v zgornjem in spodnjem trnu ter stenah orodja se je
ujemala z izmeni¢nim obremenjevanjem in razbremenjevanjem. Koeficient trenja na stenah orodja je prestal tri razlicne stadije
povezane z zgoSfevanjem prahu. S poveCevanjem stranske viSine stene, se je postopno poveceval tudi koeficient trenja. S
povecevanjem udarne viine se je tudi koeficient trenja pomembno povefeval v ne popolnoma oblikovanem stadiju, toda ostal je
konstanten v stadiju popolnega oblikovanja (zgo5Cevanja). To delo, po mnenju avtorjev, raz8irja teoreticna dognanja procesa
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zgosCevanja kovinskih prahov z veliko hitrostjo.

Kljucne besede: kovinski prah, stiskanje z veliko hitrostjo, koeficient trenja, napetosti

1 INTRODUCTION

High velocity compaction (HVC) is a novel forma-
tion method in the powder-metallurgy industry. Essen-
tially, HVC involves a rapid densification of a powder by
applying a high-impact load at 2-30 m/s.! During HVC,
the powder undergoes a quicker reorganization, rear-
rangement, and densification relative to the conventional
compaction (CC). Hence, HVC is advantageous over the
other formation technologies due to its high production
efficiency, low spring back, high green density and good
density uniformity.? HVC causes a higher density and
better density uniformity than CC due to its stress wave.?
And most of the research®? captures axial stress to ana-
lyze the stress wave in HVC. A quick local arrangement
and elastic-plastic deformation of a powder are present
in HVC. However, the influence of the die-wall friction

*Corresponding author’s e-mail:
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and rapid evolution of stress on densification need fur-
ther investigation.

The frictional mechanism of a powder compaction
has been extensively studied. F. Giiner et al.* used the
multi-particle finite-element method and experimentally
studied the differences among friction models, such as
Coulomb’s and Levanov’s models, and pointed out that
different friction models are suitable for different pres-
sure values and deformation characteristics of powders.
S. Turenne et al.’ investigated the influence of the ad-
mixed lubricant content on various coefficients of fric-
tion in powder compaction, wherein an increased stress
ratio and appropriate admixed lubricant content lowered
the slide coefficient. H. Staf et al.® proposed a method to
calculate the local coefficient of friction in powder com-
paction and established a relationship between the nor-
mal pressure and coefficients of friction. Usually, friction
is not good for the densification of a powder, and studies
have been mostly concerned about the friction mecha-
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Figure 1: Powder information: a) particle size distribution and b) micromorphology of the powder

nism in CC. Compared with CC, stress increases quicker
under a high-velocity impact load in HVC and frictional
characteristics have a more significant influence on the
densification and density uniformity of a powder.” The
conditions of the relative slip and contact between a
powder and die wall undergo a rapid evolution in HVC.
Hence, the friction and stress characteristics in HVC
may be more complex than in CC.

The current work experimentally determines the evo-
lution of stress characteristics and die-wall coefficients
of friction at different impact heights in the HVC of a
Distaloy AE powder, based on the stress-testing technol-
ogy and the Janssen-Walker model. This study aims to
expand the theoretical basis of the densification and den-
sity homogenization of powders during HVC, based on
stress and frictional characteristics.

2 EXPERIMENTAL PART

2.1 Materials and a HVC device

A Distaloy AE powder was supplied by Hefei Bolin
Advance Materials Ltd., China. Its chemical composition

(a)

Impact

hammer

Powder

Die

Upper punch

Lower punch

Basement

is given in Table 1. Its apparent density and green den-
sity are 3.07 g/cm® and 7.16 g/cm?, respectively. Its
flowability is about 2 g/s. It has a mean diameter of 77
um and the particle size distribution is shown in Figure
la. The powder particles have an irregular, rounded
shape and rough surfaces, as shown in Figure 1b.
Microstructural observation was carried out on a
JSM-6490LV-type SEM machine (JEOL Ltd., Tokyo, Ja-
pan).

Table 1: Chemical composition of Distaloy AE powder

Element Fe Ni Cu
w/% Balance | 4.01 1.48

Mo C
0.49 0.09

The independently developed BL-GSTZ-1-type HVC
device (Bolin Advanced Materials Ltd., Hefei, China)
was used to compress the Distaloy AE powder and uti-
lize a drop hammer device. Figure 2a shows the struc-
ture of this device. The impact heavy hammer weighed
50 kg, and 24 g of powder filled a 16-mm-diameter cy-
lindrical die. The impact height was set between
0.4-1.6 m with a 0.2 m interval.

(b)

.zl;

Unit: mm

Figure 2: Schematic diagram of the HVC device: a) structure and b) adhesive positions of strain gauges
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Five BX120-1AA-type strain gauges (Hope Techno-
logic Ltd., Xiamen, China) were stuck at different posi-
tions on the die, as shown in Figure 2b. No. 1 and No. 2
were used to capture the strain of the upper and lower
punches, respectively. No. 3 to No. 5 were used to cap-
ture the strains of the die wall. The distances from the
center of No. 3 to No. 5 to the top surface of the bottom
punch were 13.5, 7.5 and 1.5 mm, respectively. The
strains were recorded with a SA-DYBO801-type dynamic
strain indicator (Shiao Technology Ltd., Wuxi, China)
and a computer.

2.2 Calibration of the stress-strain relation

To capture the stress, the relationship between stress
and strain was calibrated using a BL-JX-SY-046-type
universal material-testing machine (Bolin Advanced Ma-
terials Ltd., Hefei, China). Cylindrical silicon rubber
with a diameter of slightly less than 16 mm and a height
of 25 mm was used to fill in the die and was then com-
pressed at a velocity of 5 mm/min. The axial and radial
stresses were determined based on the incompressibility
characteristic (Poisson’s ratio was about 0.5) of the sili-
con rubber.* The strains of the gauges were recorded si-
multaneously. Thus, the relationship between the stress
and strain of the upper and lower punches and the die
wall can be determined as follows:

0 =062¢,, (1)
g bottom = 0‘1 058 bottom (2)
Oy =0.74¢ (3)

where Oop, Obottom and Owan are the stresses and &iop,
Ebottom and Eway are the strains of the upper punch, lower
punch and the die wall, respectively.
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Figure 3: Force analysis of the powder

2.3 Determination of the die-wall coefficient of friction

HVC was completed within a short time and the di-
rect measurement of the die-wall coefficient of friction
was difficult to carry out. Hence, it was analyzed based
on the Janssen-Walker model in HVC.? The two-dimen-
sional cross-section of the cylindrical powder was ana-
lyzed, as shown in Figure 3. By assuming uniform verti-
cal stresses along the horizontal cross-sections, arbitrary
elemental slices with a thickness of d, at a distance of z
from the bottom of the powder were considered based on
the force equilibrium, as follows:

nD

’ D*d
1 da:+pn <

g=t.mDdz (4)

where o0, and 7, are the axial and radial stresses, respec-
tively, at a height of z, D is the diameter of the cylindri-
cal powder, and p and g are the densities and gravita-
tional acceleration, respectively.

The d, values were small, rendering the masses of
slices negligible. Combined with Coulomb’s law and the
lateral-pressure coefficient, Equation (4) can be trans-
formed as follows:

do. _dku dz (5)
o. D

where k is the lateral-pressure coefficient and y is the
coefficient of friction.

Considering the relative boundary condition, Equa-
tion (5) can be integrated as follows:

o, zlh |
0. =0y g_ (6)
B

From Equations (5) and (6), the coefficient of friction
u can be calculated as follows:

zlh
Do, |0 g .
p=—"Bf T gy =T (7)
4h o |0, g,

where or, op and o; are the stresses in the upper punch,
lower punch and die wall, respectively. The determina-
tion of the coefficient of friction is detailed in '°.

3 RESULTS AND DISCUSSION

3.1 Green-density analysis

In this study, the Distaloy AE powder was com-
pressed at impact heights of 0.4-1.6 m with a 0.2 m in-
terval. The green compacts obtained at an impact height
of 0.4-1 m exhibited the phenomenon of stratification.
Hence, we defined these impact heights as incom-
plete-molding impact heights (0.4, 0.6, 0.8 and 1) m. The
green compacts obtained at an impact height of 1.2-1.6 m
did not exhibit visible stratification. Hence, we defined
these impact heights as complete-molding impact heights
(1.2, 1.4 and 1.6) m.
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Figure 4: Variation in the green density at different impact heights

According to the geometric measurement of density,
the relative density increased with the increase in the im-
pact height, as shown in Figure 4. At incomplete-mold-
ing impact heights, the relative density rapidly increased
from 71.9 % to 87.1 %, whereas the growth rate became
slow (from 89.7 % to 92.8 %) at complete-molding im-
pact heights. The figure shows a linear increase at the in-
complete-molding stage, and a non-linear (logarithmic)
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increase at the complete-molding stage. This may be at-
tributed to the molding state of the powder. A detail
discussion of this phenomenon will be carried out in the
future.

3.2 Stress-characteristics analysis

The increase in the relative density is small when the
impact height changes from 1.2 m to 1.6 m at the com-
plete-molding stage. Thus, the middle impact height of
1.4 m was selected to be analyzed. Figure 5a shows the
time evolution of stress at an impact height of 1.4 m,
with several stress peaks during HVC. Every peak con-
sists of the loading and unloading stages under impact
loading. Moreover, the peak values show a decay ten-
dency due to the loss of impact energy. Wang et al.'
stated that the compact pressure is dominant at the first
peak, which has the highest influence on the densifi-
cation in HVC. Hence, we only considered the stress and
frictional characteristics at the first peak. The first peak
from Figure 5a was amplified, as shown in Figures Sb
and Sc. The radial stresses decreased as the height posi-
tion along the side wall increased, as shown in Fig-
ure 5b. The radial stress initially increased and then de-
creased. The middle and lower parts showed a higher
stress than the upper part. Furthermore, the stress on the

Time /ms

Figure 5: Variation in the stress al the impact height of 1.4 m: a) total stress peaks, b) radial stresses at the first stress peak, and c) axial stresses

at the first stress peak
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upper and lower punch initially increased and then de-
creased, as shown in Figure Sc. The upper punch stress
was greater than the lower punch stress, consisting of the
loading (0-2.8 ms) and unloading (2.8-3.5 ms) stages.
The influence of the impact heights on the stress
characteristics was investigated. Figure 6a shows the
maximum axial-stress increase as the impact height in-
creases. The maximum axial stresses increased from
300 MPa to 500 MPa at the incomplete-molding impact
heights, and from 600 MPa to 1150 MPa at the com-
plete-molding impact heights. Moreover, the maximum
axial stresses at the complete-molding impact heights
showed a wider change range than at the incom-
plete-molding impact heights. A high green density
could be achieved under a high compaction stress and
the increase in the green density at the complete-molding
impact heights needed a higher compaction stress. Fig-
ure 6b shows the maximum radial-stress increase as the
impact height increases, too. When comparing Figures
6a and 6b, we can say that although the maximum axial
stress is higher than the maximum radial stress, they
have a similar change tendency. They increased slowly at
the incomplete-molding impact heights and then in-
creased quickly at the complete-molding impact heights.
The loading, unloading and duration times decreased
as the impact heights increased, as shown in Figure 6c.
The duration time refers to the time consumed up to the
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first peak, which consists of the loading and unloading
times. At the complete-molding impact heights, the dura-
tion and loading time decreased, but the unloading time
was maintained at about 1 ms. Wang et al.'' and Zhang et
al.!? found that the duration time decreases as the impact
energy increases, and this finding is consistent with our
results, but we further discuss the loading and unloading
times.

The proportion of the loading time at the com-
plete-molding impact heights is higher than at the incom-
plete-molding impact heights, as shown in Figure 6d.
The proportion refers to the ratio of the loading time to
duration time. The proportion of the loading time at the
incomplete-molding impact heights was maintained at
about 64 %. Conversely, the proportion of the loading
time decreased at the complete-molding impact heights
as the impact heights increased and it was higher than
64 %.

3.3 Coefficient-of-friction analysis

The time evolution for the coefficients of friction at
the first peak at the complete-molding impact heights is
shown in Figure 7.

The coefficients of friction decreased with the de-
crease in the height position along the side wall, as
shown in Figure 7. Relative-slip velocities between the
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Figure 6: Stress characteristics at different impact heights: a) maximum axial stresses, b) maximum radial stresses, ¢) characteristic time of the

stress, d) proportion of the loading time
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Figure 7: Variation of coefficients of friction at the impact heights of: a) 1.2 m, b) 1.4 m,¢) 1.6 m

powder and die wall at different height positions along
the side wall during HVC exhibited small differences.
The load was essential for the changes in the coefficients
of friction. The radial stress increased with the decrease
in the height position along the side wall. According to
the friction adhesion theory,” the contact area between
the powder and sidewall increases with a load increase.
The contact interfaces become smoother and the meshing
of the rough peak between the powder and die wall de-
creases gradually under elastic-plastic contact condi-
tions.'* Thus, the coefficients of friction decrease as the
height position decreases.

The coefficients of friction initially increase, then re-
main stable or slightly decrease and finally decrease sig-
nificantly at different impact heights. For example, the
change in the coefficients of friction with the time at an
impact height of 1.4 m is shown in Figure 7b. During
loading (0-2.8 ms), a relative slip occurs between the
powder and die wall. Hence, the coefficient of friction
initially fluctuates with an upward trend (0-0.5 ms). Af-
terward, the stick and slip between the powder and die
wall occur constantly with the deformation of the pow-
der and the relative slip between the powder and die
wall. The coefficients of friction remain stable during a
decreasing trend (0.5-2.8 ms), with an increase in the
slip velocity and change in the stick time amplitude.
During unloading (2.8-3.5 ms), the relative slip gradu-

168

ally stops, and the coefficients of friction decrease signif-
icantly. Combined with the powder-densification process
in HVC, the relationship between the normal pressure of
the die wall and the coefficients of friction at an impact
height of 1.4 m is shown in Figure 8.

Initial stage I (0—80 MPa) of HVC is dominated by
powder displacement and rearrangement. The number of
contact points between the powder and die wall increase
with the increase in the normal pressure. Hence, the flow
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Figure 8: Relationship between the normal pressure and coelTicient of
friction
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capacity of the powder decreases and the contact condi-
tion changes frequently. The coefficients of friction fluc-
tuate with an upward trend. Stage II (80—410 MPa) of
HVC is dominated by elastic and plastic deformations of
the powder. A uniform porous densification of powder is
gradually formed at a high stress. The flow capacity of
the powder stabilizes and the contact interface smooth-
ens. Hence, the coefficients of friction are maintained at
about 0.1-0.2, which is close to the standard value for
metals. ¢ Stage IIT (410-350 MPa) of HVC is dominated
by unloading with springback. The normal pressure de-
creases and the contact area between the powder and die
wall also decreases in accordance with the elastic recov-
ery of the powder. The adhesive force becomes weak.
Hence, the coefficients of friction decrease significantly.

Figure 9 shows that the coefficients of friction ini-
tially increase, then decrease significantly and finally in-
crease slightly with the increase in the impact height. A
remarkable decrease in the friction coefficient occurs
when the formation behavior changes (0.8—1 m). During
incomplete molding (0.4—1 m), the powder system trans-
forms from loose to dense, and the flow capacity de-
creases. Hence, the coefficients of friction increase. Dur-
ing complete molding (1.2-1.6 m), the coefficients of
friction are maintained at about 0.175. The coefficient of
friction during common compaction of iron powder
ranges from 0.15 to 0.2.5 Thus, the coefficients of fric-
tion in our analysis are reasonable. An increase in the
load can reduce the coefficients of friction, whereas an
increase in the relative slip velocities can increase the co-
efficients of friction.!* Hence, coefficients of friction
slightly change under the mutual effects of the load and
relative slip velocities. Furthermore, the coefficients of
friction are close to the original values after a small in-
crease in the green density but exhibit a remarkable in-
crease with a significant increase in the green density.
The densification of a powder can affect the coefficients
of friction to some extent.
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Figure 9: Variation of coefficients of friction at different impact
heights

4 CONCLUSIONS

The following conclusions can be drawn:

1) The relative density increases with the increased
impact height and exhibits different variations at incom-
plete- and complete-molding impact heights.

2) The time evolution of stress has several load-
ing-unloading stages in HVC with a decrease in the max-
imum peak stresses. The maximum axial stress increases
with the increased impact height. The loading, unloading
and duration times decrease with the increased impact
height. The proportion of the loading time remains con-
stant during the incomplete-molding stage, whereas it
decreases with the increased impact height during the
complete-molding stage. The radial stresses increase
with the decrease in the height position along the side
wall.

3) The coefficients of friction of the die wall initially
increase, then remain stable, or slightly decrease, and fi-
nally decrease significantly. This is related to the normal
pressure of the die wall. The coefficients of friction grad-
ually increase with the increase in the height position
along the side wall. Furthermore, the coefficients of fric-
tion significantly increase with the increase in the impact
heights during the incomplete-molding stage but remain
constant (0.175) during the complete-molding stage.
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