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Thermodynamic model of the compaction of powder materials

by shock waves
D. K. Dijken and J. Th. M. De Hosson

Department of Applied Physics, Zernike Complex, University of Groningen, Nijenborgh 4,

9747 AG Groningen, The Netherlands

{Received 28 April 1993; accepted for publication 23 September 1993)

For powder materials a model is proposed to predict the mean temperature behind the shock
wave, the ratio between the increase of thermal energy and increase of total internal energy, as
well as the mean final temperature after release of adiabatic pressure. Further, the change of
pressure, specific volume, and the internal energy behind the shock wave are calculated together
with the shock-wave velocity. All these variables are supposed to depend exclusively on flyer
plate velocity, initial powder density, and initial powder temperature. The ratio between the
increase of thermal energy and increase of total internal energy decreases rapidly upon
decreasing initial powder density, resulting in a higher shock temperature and a lower shock
pressure; therefore, a lower initial powder density results in a better bonding between the
particles and fewer cracks after pressure release. Calculations are carried out for copper and

agree fairly well with experiments.

1. INTRODUCTION

In the compaction of powder material by shock waves
there are three principal parameters affecting its perfor-
mance: These are the particle or flyer plate velocity, which
is mainly determined by the detonation velocity and the
amount of the explosives used, the initial specific volume of
the powder to be compacted, and the initial powder tem-
perature. Other important parameters are the particle
grain size and the duration of the shock pressure, which is
mainly determined by the size of the experiment. Finally,
the compacted powder material, still at pressure, contains
both adiabatic compressive energy and thermal energy.
The adiabatic part has to be transmitted to the surrounding
material (flyer plate, canning material) since otherwise ex-
tensive cracking may still occur.

Depending on the materials qualities and the demands
of the compactor, the principal parameters have to be ad-
justed to optimum values. In order to get crack-free well-
sintered material, the adjustment should be a high flyer
plate velocity and highly porous material, i.e., the adiabatic
compressive energy is transformed to thermal energy al-
ready during the compaction process, which results in
fewer cracks after pressure release. Further, the grain size
should not be too small, i.e., the thermal energy is mainly
deposited in the surface. In that case the surfaces of grains
become hotter and it favors the sintering process. In addi-
tion, the initial temperature should be above room temper-
ature resulting in a higher temperature behind the shock
wave, leading to a better sintering process of the material.
Next, the batches should be large and thick by which the
material may remain for a longer time at high pressure and
at high temperature. Finally, a strong and heavy canning
material should be applied since the canning material will
absorb the adiabatic compressive energy during pressure
release.

Since the 1960s various approaches have been followed
in describing the shock-wave equation of state (EOS) of
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powder materials. Roughly speaking, modeling was done
in two different ways: i.e., semiempirically, using quasi-
static powder compaction models'® and purely
theoretically,f"“ Except for Ref. 11, these theoretical mod-
els adopt the Mie-Griineisen EOS, which relates the
change in internal energy to the change in pressure at con-
stant specific volume: dE=VdP/T (V). In the following a
novel model is worked out, particularly devoted to powder
materials research.

1l. BASIC CONCEPTS
A. Shock waves in powder materiais

By performing flyer plate impact experiments on a
powder material there are three principle adjustable pro-
cess parameters: the flyer plate velocity u,, the initial pow-
der specific volume Fy, and the initial powder tempera-
ture T';.

For solid material the shock-wave process is schemat-
ically depicted in Fig. 1(a). Figure 1{b) shows what hap-
pens to a powder material during shock-wave compaction.
The powder is represented by separate infinite thin mate-
rial plates. When the first plate collapses on the shock front
it behaves exactly like a solid material. Since there is some
space left between the first and the second material plate,
the first plate, after being compacted, starts to expand. Its
compressive energy is transformed into internal kinetic en-
ergy. Then, more plates collide leaving the first plate oscil-
lating between the flyer plate and the second plate. This
goes on until all its internal kinetic energy is transformed
to random thermal energy, in principle raising the temper-
ature. Finally the first flyer plate is “locked” in its final
specific volume. For material with a higher Vy,, behind the
shock wave, more compressive energy is transformed to
thermal energy. At first instance this transformation step
does not take place in solid material. During pressure re-
lease the (remaining) compressive energy part may be
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FIG. L. (a) A rigid flyer plate impacts onto a solid or powder material.
Area I is the flyerplate, area II is the compacted powder or solid material,
and area I1I is the uncompacted powder or solid material at rest. (b) The
powder is represented by separate solid plates collapsing sequentially on
the shock wave front.

transformed as well as transferred to the surrounding ma-
terial.

The following shock-wave parameters have to be cal-
culated as a function of these three variables: the pressure
P, specific volume ¥V, and internal energy increase £E—E,.
The latter is the sum of adiabatic compressive energy in-
crease E, plus thermal energy increase Ey. Further the
shock-wave velocity U, has to be calculated as well as the
temperature 7" and the final temperature 7  after adiabatic
pressure release. All the variables are displayed in u, vs D
maps, where D is the initial density, D=Fy/Vy,.

In order to derive EOS for shock-wave compacting
solid and powder material, the following four assumptions
are made.

(a) It is assumed that compaction of a powder at zero
pressure guasistatically from Vy, to the solid specific vol-
ume ¥, does not cost any energy, so that Ey=Ey.

(b) Behind the shock wave there are no voids present,
i.e., the material is completely compacted.

(¢) The increase in internal energy is equally distrib-
uted inside the compacted material. This implies that the
pressure and the temperature fields are uniform. In princi-
ple this only holds for uitrafine powders since the exterior
free surfaces of the grains become warmer than the interior
of the grain’s interior. Basic heat conductance calculations
show that cooling rates can easily exceed 10! °C/s. There-
fore, the temperature field can be regarded as uniform.

(d) There are no volume or energy changes due to
deformations or phase transformations.
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FIG. 2. Calculated Hugoniot, equienergy curve, quasistatic reversible
adiabat, and isotherm.

B. Shock-wave equations of state for solid and
powder material

For solid material the Rankine~Hugoniot shock-wave
EOS for mass, momentum, and internal energy is given
by,® writing ¥;=V,,

Mass:
VU=V {(Us—u,), (H
Momentum:
Usu,
P:—Vi , (2)

Internal energy:

SE=E—Ey=}u,, (3)
Combining Eqgs. (1), (2), and (3) leads to the equation

E—Ey=3 P(V;—V). (4)

The powder material shock-wave EOS are obtained by
writing V=V, and E—Ey=E—Ey, , as derived in Ref.
12. Since Eq. (3) holds for both solid and powder material,
the increase in internal energy is exactly the same for solid
and powder material, and depends only on u,. Therefore,
the final (P,V) state point of the powder material lies on
the equienergy curve, (Fig. 2). For powder of (Vy— V)
or (D—1) the (P,F) point lies close to point a. For pow-
der of (Fgp— o) or (D-0) the (P,}) state point lies
close to point b.

Recall that the work done by the flyer plate per kg of
compressed material initially at rest is ug in which %uf, per
kg is converted into the internal energy of the compressed
material and %u}, per kg is converted into the kinetic energy.
Here it is assumed that we are dealing with flyer plate of
infinite mass and infinite stiffness (see also Ref. 2). With
Egs. (1)-(3) the P,V state points of the powder can be
related to the P,V state points of the solid.
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C. Solid system

The three conservation relations Eqgs. (1)—(3) contain
four unknown variables £, P, ¥, and U;. One more rela-
tion between any two variables is necessary.

For solid and powder materials U, can be measured at
different values of ui,."’13 For solid material it is empirically
known that the relationship between U and u, is always
nearly linear, i.e., Us=C+Su,, where C is approximately
the zero pressure sound velocity and S is a constant. Com-
bining Egs. (1) and (2) with the linear relationship of U,
with u, leads to an expression for the pressure behind the
shock wave:

[) Cﬁ(ﬁi=z?2)
ST Vy=S(Vo—F) ]2’

which describes the solid Hugoniot which is the locus of
the final shock state, but not the thermodynamic path fol-
Jowed by the material. The Hugoniot is an adiabat, neither
an isotherm nor an isentrope. The actual thermodynamic
path followed is a straight line from the initial to the final
state, called the Rayleigh line.'*

(3)

D. Equienergy curve, adiabat, and isotherm

In Fig. 2 a calculated equienergy curve, a quasistatic
reversible adiabat, and an isotherm are depicted.

A material is compressed (released) adiabatically
when the material is thermally isolated during the com-
pression (release) process. The process is irreversibly adi-
abatic when some fraction of compressive energy is trans-
formed to thermal energy, as in any shock compaction
process. Both E, and E increase with increasing pressure.
An adiabatic process is called quasistatic reversible when
all compressive energy can be recovered during pressure
release. £, increases with increasing pressure while E; re-
mains constant.

In point {(b), P==0, (6P/6¥) 4=Kgp..q. Where K is
the adiabatic bulk modulus. With increasing pressure the
temperature increases as well. The reversible adiabatic en-
ergy increases by

E= J Pav. (6)

In the P,J plane the equienergy curve connects all points
of equal internal energy. In point b, P=0,
(8P/6F) p=Kg p..o, the same as for the adiabat. With in-
creasing pressure, the increase of E. equals the decrease of
E. Since the energy of equienergy curve remains constant,
starting in b the pressure on the reversible adiabat is always
higher.

For an jsotherm in point b, P=0, (6P/8V) =Ky p_q,
where Ky is the isothermal bulk modulus. Since Ky <K
for every (P,F), starting from b the pressure on the qua-
sistatic reversible adiabat is always higher, whereas the
temperature on the adiabat is increasing. At small pres-
sures, upon increasing the pressure, the increase in E, is
smaller than the decrease of E, resulting in a decrease of
E—E,;. However, when the pressure increases approxi-
mately beyond ¢, the increase in E, becomes larger than the
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FIG. 3. Schematic representation for calculating the internal energy in-
crease (E—E,) of (P, V) state points with respect to (Py, Fy), in the area
for V< ¥yand V> V.

decrease in E4. This means (Fig. 2, starting from b be-
tween b and ¢, (8P/6V) < (OP/6F)p. At point ¢ and
point ¢/, (SP/SV) Ec= (8P/EV) g, Beyond ¢,
(8P/SV) > (8P/6F) . On the equienergy curve the tem-
perature decreases from b to ¢, whereas the temperature
increases from ¢’ to a.

Hl. CALCULATIONS

The principally adjustable process parameters in pow-
der compaction experiments are u,, Vg, and T;. There-
fore, all other shock-wave parameters have to be deter-
mined as a function of these three parameters, or
[PV, E—-Ey,U,T,T p,Ey/(E—Ey)] as a function of u,,
Voo, and T; has to be determined. At first 7, is taken equal
to Tj=Ty=293 K.

First, (P,V,E—E,,U;) as a function of 4, Fy,, and T
is calculated since it is independent of 7, 7,, and
Es/(E—E,). The individual parameters are depicted in
separate u, vs D maps, where D is the density ratio, i.e.,
D=Vy/Vy. Second, [T,T s, Er/(E—Ey)] as a function
of u,, Vi, and Ty is calculated. These individual param-
eters are depicted as well in separate u, vs D maps.

A. Calculation of (P,V,E—Ey,Ug)=F(u,,Vo,,To)

For plotting the variables in 4, vs D maps, different
calculation procedures are required, sometimes making a
numerical calculation necessary. Therefore, (F hEO,up,
U,, V) =F (P, V), which can be solved analytically, is cal-
culated first, indicating the relations among the necessary
basic formulas.

Suppose a powder is shock compacted to a pressure P
and a volume V (Fig. 3). Its internal energy increases with
respect to (Py, V) and so (Py,F), assumption a, is cal-
culated by, for V< ¥y,

(P—Pg)V

1
E“EO=EPS(V0‘“V)+ NiG) (7

D. K. Dijken and J. Th. M. De Hosson 205
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The first part equals the internal energy required to com-
pact a solid from (Py,V,) to (P, V), where P, is given by
Eq. (5). The second part equals the internal energy re-
quired for heating at constant volume ¥ from P, to P.
[(V) is assumed to depend only on ¥V, where we follow
Refs. 15 and 16,
Ve
(¥ =I(Fy) (F\ . (8)
\"ro/

For Al, Cu, In, Fe, Pb, and NaCl, I'(},) and g are
determined experimentally.!® When no experimental val-
ues of ['(V,) are available ['( V) can be derived from

__3a(T) VKg(T) _3a(T) VE(T)

where a(T') is the thermal-expansion coefficient, Ky(T")
and K¢(T') are the isothermal and adiabatic bulk modulus,
and C(T) and Cp(T') are the specific heats at constant
volume and constant pressure (all at zero pressure).
K4(T) can be calculated from K¢(T') =C% V, where Cis
the zero pressure sound velocity. When no values for ¢ are
available g can be taken to be equal to unity,' leading to
only small errors in T'(F).
For V> V,,

T, PV
E—E,= fT CHTIAT +F 57 -
0

(10)
The first term equals the internal energy required to ther-
mally expand at constant pressure from (77,F) to
(T,,V), where t stands for thermal expansion at zero pres-
sure. The second term equals the internal energy required
for heating at constant volume from (7',,V) to (P, V). For
many solids, over a wide temperature range, ie.,
Ty<T,<1300 K, Cp(T) can be estimated accurately by
Co(T)Y=Cp(Ty) +y(T)(T,—Ty). Over a wide tempera-
ture range, i.e., To<T,;< 1300 K, a(T) can be estimated
accurately by a(T)=a(Ty) +B(T)(T—T;). The volume
V is related to the temperature 7', by

V 3
In (T/) =3a(T)(T;~Ty) +§ B(TY(T,— Ty
0
(1)

Since the internal energy in an arbitrary (P,V) point is
calculated with Egs. (7) and (10), the particle velocity u),
associated with these (P, V) points, is calculated from Eq.
(3). By combining Egs. (1) and (2) the shock-wave ve-
locity is calculated. Finally, Vy, can be derived either from
Eq. (1) or Eq. (2).

Now the (P,V,E—E,Uy)=F(u,,Vy,To) system is
determined. The (P,V,U,)=F (up,D, T'y) maps are calcu-
lated and depicted in Figs. 4, 5, and 6, respectively. Since
the E—Ey, equienergy in the u, vs D maps are simply
vertical straight lines, these are not depicted. Now the
(PV.E—Ey))=F (u,, Voo, Ty) system is determined and P,
¥, and U; are depicted in D vs u, maps. In particular, for
D—1 the calculated map reveals the solid system, whereas

206 J. Appl. Phys., Vol. 75, No. 1, 1 January 1994
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FIG. 4. Pressure (P) in GPA and internal energy (E—E;). As D—1 and
as D0 the calculated map reveals the solid system and the highly porous
powder system, respectively. D=0, P=0 always. E— E, is independent of
D [Eq. {3)). The model becomes less accurate due to errors in (7"} and
Cp(T) (dashed line).

for D—0 the map reveals the highly porous system. In the
limit no material collides with the shock front surface and
P=0 (Fig. 4).

B. Calculation of [T,T;,E1/(E— Eg)l=F(Up,Vyo.To)

The new numerical model proposed calculates any
quasistatic reversible adiabat in the P, plane and the tem-
perature on these adiabats. Further, the model calculates
the mean temperature 7, the ratio between increase of
internal thermal energy, and the total internal energy in-
crease E4/(E— E,), both behind the shock front, and the
final temperature T , after (adiabatic) pressure release.

In principle the temperature of any point in the P,V
plane can be calculated analytically, by making use of

powder density

Initio}

Particle velocity {(km/s}

FIG. 5. Specific volume V. D=0, the internal energy increase is fully
transformed to thermal expansion. At D=T"(V;)/(I'(¥,) +2), all pow-
der material is compacted to V= Fj.

D. K. Dijken and J. Th. M. De Hosson

Downloaded 09 Oct 2006 to 129.125.25.39. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



dengity

powder

Tritial

3 4

Particle

velocity {kmis)

FIG. 6. Shock wave velocity U;. The experimental points on the dashed
curves are from Ref. 13. D=0, no material is collapsing on the shockfront
surface, so U=u,. At u,> £3.25 km/s at fixed u,, different values of D
can lead to the same v.ilue of U,.

APV

AE= T =Cp(P,T)AT.
and Eq. (11). Since C.(P,T), a(P,T), and B(P,T) can
only be obtained at P=0, an analytical solution is not pos-
sible. Numerically 7" and E/(E— Ep) can be calculated as
follows.

From basic thermodynamics it follows that the specific
volume and the temperature of two points on a reversible
adiabat are related by (see Ref. 14)

(12)

8T aksT  T(N)T
(6;’)5”" C ¥

(13)

ar

=—T(F). (14)

ShnT
(«5 In¥V
Therefore, for an adiabatic compression ¥ and T of state
points 1 and 3 (Fig. 7) are related to each other by

—773 Vl Fim
7)-(7)

Since I'(F) is a function of ¥V, ¥, and ¥; must lie close to
each other so that I'(F) can be approximated by
T(F)y=T[(V,+F;)/2].

By compressing a material adiabatically, there is no
thermal energy flux in or out the system. Therefore, in-
creasing the adiabatic pressure results in an increase of E.
whereas Ey remains constant. In Fig. 7, E refers to state
points at the equienergy curve, A refers to state points at
the adiabat.

State points 1 and 2 both lie on the equienergy qurve,

(15)

Ej— Ep=0. (16)

J. Appl. Phys., Vol. 75, No. 1, 1 January 1994
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FIG. 7. Scheme for calculating the quasistatic reversible adiabat and the
temperature on this adiabat. In this way the temperature behind the shock
wave T is calculated in any arbitrary (P,F) point.

The internal energy difference between state points 3 and 1
equals the surface area under the adiabat [Eq. (6)]. When
— V% is small, this can be written by

@—E=dw&4@+ﬂm—ﬂnm~@x

Furthermore, the internal energy difference between state
points 3 and 1 can be calculated by the Mie-Griincisen
EOS as well,

(17)

EY\—EL=E —FE: (Pa—FPL)Vi 1
b= =y (18
Now from Egs. (17) and (18) P;, is given by
s[NPV V) +255] (19)

AT RS (V- V)]

By starting at P=0 and choosing ¥}, T) and E!, can be
calculated from Eqs (10) and (11), respectively, taking
P=0. By choosing ¥?,P" can be calculated from Eq. (19),
E3 from Eq. (7) or Eq. (10), u, from Eq. (3), U, from Eq.
(1) together with Eq. (2), T P from Eq. (15), and finally,
Voo from Eq. (1) or Eq. (2).

In each (P3,V%) pomt the ratio Ey/ (E Ey) is calcu-
lated from the ratio EX 4(P 0)— E’O over EY(P=P}) —E,.

By decreasmg both ¥} and ¥V with a small step size of
V,, — V3 and repeating the above calculation procedure, the
adiabat and its thermodynamic shock-wave-related vari-
ables are calculated and illustrated in D vs u p maps. 7' and
E;/(E—E,) are displayed in Figs. 8 and 9. Figure 8 shows
the T map. At D=0 the temperature behind the shock
wave is roughly speaking proportional to ug. Further, at
D=1, T is relatively small compared to D=0 material. At
D=1 the map shows that the adiabatic solid shock com-
paction process is not quasistatic reversible as Ey/ (E— E,)
is not equal to zero. For D—0, all compressive energy is
transformed to thermal energy and E;/(E—E,) =1.

Next, the final temperature T Fs after pressure release
is calculated (Fig. 10), where it is assumed that all com-
pressive or adiabatic reversible energy £, is transmitted to

D. K. Dijken and J. Th. M. De Hosson 207
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FIG. 8. Temperature T behind the shock wave. At D=0, T is roughly

proportional with uf,. At fixed u,, T can be the same for different values
of D. Between 0.5 < D<0.7 T attains a maximum.

the surrounding material. The pressure decreases directly
along the reversible adiabat to P,=0. There is no oscilla-
tion of the sample at the end of the release process, there-
fore Er remains constant during and after the release pro-
cess. All points on the adiabat have the same T,. If a
fraction of E, does transform to E the actual T, is higher
than calculated; therefore, T ; is a lower bound value.

IV. VALIDATION OF THE MODEL

U; vs u, relations are calculated for Cu powder mate-
rial and compared with experimental data"® and displayed
in Fig. 6. Material data are listed in Table 1. Calculations
agree well with experiment except for initial density, flyer
plate velocity combinations D <0.64, u,>2000 m/s. The
reason is the following: Because of the low density every
particle oscillates many times before it finally comes at rest.

powder density

Initial

Particle

velocity tkmis}

FIG. 9. Ratio between the reversible adiabatic energy E and the total
internal energy increase £—Ey. At D=1, Ey/(E—E;) decreases until
u,= +2 km/s after which it increases. At D=0, E;/(E—E;) equals
unity, all E. has transformed to Ey.
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With every collision a part of the internal energy is leaking
away by microelastic shock waves through the already
compacted material so that Eq. (3) changes to 8E < %uf;.
At other places in the compacted powder this energy may
be consumed in the form of heat or fracture. In the calcu-

lation procedure no energy is leaking away, resulting in
higher U, values."’

V. CONCLUSIONS

A new EOS has been derived for shock-wave compac-
tion of powder material to full density. The three principal
adjustable shock-wave parameters are flyer plate velocity,
initial powder specific volume, and initial powder temper-
ature. As a function of these three parameters, the follow-
ing shock-wave parameters were calculated: the pressure,
specific volume, internal energy, ratio of thermal internal
energy increase over total internal energy increase, and
temperature behind the shock wave. Further, the shock-
wave velocity and the temperature of the material after
quasistatic adiabatic pressure release were calculated. The
model is based on the fact that when a flyer plate impacts
a solid or a powder material the internal energy increase

TABLE 1. Experimental data of solid copper used in the calculation of
shock wave EOS of powder material.

Dimension Ref.
C [Eq. (5)] 3910 m/s 13
S [Eq. (5)] 1.51 13
o 1/8930 m’ kg™! 19
T, 293 K
q 1.3 16
al(Ty) 16.7x107° K-} 20
B(T) 8.3%x107° K2 20
Co Ty) 383.7 Jkg~'K! 20
(T 96,3103 Tkg™' K2 20
C(Ty) 372.7 Tkgm'K! 18
r 2.008 16

D. K. Dijken and J. Th. M. De Hosson
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behind the shock wave is the same for both the solid and
the powder compacted material. The model shows that:
For copper at flyer plate velocities of u,> #3500 m/s, the
model predicts that powders of different initial specific vol-
ume can have the same shock-wave velocity, for a given
flyer plate velocity powders of different initial specific vol-
ume may still have the same temperature behind the shock
wave, the final temperature after quasistatic adiabatic pres-
sure release is smaller than the temperature behind the
shock wave; and by increasing the initial powder temper-
ature, the temperature behind the shock wave and the tem-
perature after pressure release increase roughly by the
same amount.

Calculations are carried out for copper. Calculations
agree well with experimental values except for combina-
tions, respectively, of initial density D and fiyer plate ve-
locity D <0.64 and u,>2000 m/s.
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