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Abstract: Complete experimental investigation on the instantaneous strain hardening behaviour of powder metallurgy
(P/M} preforms of pure iron, Fe-0.35%C, Fe-0. 75%C and Fe-1. 1%C was carried our. The strain hardening be-
haviour of the above-mentioned P/M sintered steel preforms with aspect ratio of 0. 4 under triaxial stress state condi-

tion was determined by cold upsetting under nil/no and graphite lubricant conditions. The instantaneous strain hard-
ening value (#;), strength coefficient (K,), and the stress as a function of strain and densification were obtained and
analyzed, Furthermore, a relation was obtained from a semi-log plot of stress against rélative density and analyzed to

study the hardening behaviour owing to densification as stress was a function of induced strain as well as densification

in the P/M materials.
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The forming of sintered metal powder preforms
is currently studied extensively and is receiving a
great deal of global interest as a progressive and eco-
nomical method of producing components from metal
powders. Powder metallurgy (P/M) is a near net
shape metal forming technique used to manufacture
part to close tolerance!! ", Powder metallurgy com-
ponents are widely used in sophisticated industrial
applications while the worldwide popularity lies in
the ability of powder metallurgy technique to pro-
duce complex shapes with exact or very close toler-
ance at a very high production rate at minimal
costs®",  Quite often, powder metallurgy tech-
nique is used for material systems that are difficult
to machine and difficult or impossible to cast. Pow-
der preform forging involves the fabrication of a pre-
form by primary deformation processing technique,
followed by the secondary pressing of the preform to
its final shape with substantial densification. The
vast application of ferrous powder metallurgy mate-
rial in automotive!™ and aerospace industry provides
reasons for researchers to analyze powder metallurgy
materials behaviour under metal forming proces-
sest"1 Hence, the endeavor of the present re-
searchers is producing parts to near theoretical den-
sity; however, 100% dense component cannot be
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produced, The prediction of failure in powder pre-
form forging is important from the viewpoint of die
design and selection of preform geometry, since ma-
terial properties may affect the final shape of a de-
formed workpiece and may cause defects such as
cracks or foldst* 1, '

In powder preform forging, a porous material
would experience the usual strain or work hardening
characteristics as well as geometrical work harden-

19l However, the rate of increase in the stress

ing
value with respect to strain is greater than that
would be observed in a pore free material of the
same composition under identical testing conditions,
as the continued reduction in the porosity level dur-
ing upsetting increases the load bearing cross sec-
tional area. This in turn increases the stress required
for further deformation, resulting in matrix and geo-
metric work hardening behaviour. Thus, the total
strain or work hardening behaviour of porous pre-
form is due to the combined effects of induced densi-
fication and induced strain during cold forging™' =¥,
By interfering with dislocation movement, grain
houndaries also contribute to the characteristic prop-
erty of a metal to become stronger as it is deformed,
and the property referred to as strain hardening.
Strain hardening is of major importance in forming
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operations since it controls the amount of uniform
plastic strain, the material can undergo during cold
upsetting before crack appears at the free surface. R
Narayanasamy et all'*) investigated the instantaneous
strain hardening behavior of an aluminum-iron pow-
der metallurgy composite with various percent of iron
contents and for the various stress state conditions
with two different aspect ratios, It is well known
that both the strain hardening exponent and the
strength coefficient are basic mechanical behaviour
performance parameters of metallic materials.
Therefore, strain hardening exponent is an impor-
tant parameter refleciing a material’ s hardening
property and its determination is of great impor-
tancel, It has been found out™®'® that initial ge-
ometry of the powder metallurgy preform has an
effect on the strain hardening exponent and strength
coefficient. Further studies’®'"~!*) show that as the
carbon content increases, the pore size becomes
smaller, which affects the deformation and densifi-
cation behavior.

Thus, the present investigation aims to estab-
lish the strain hardening behaviour of powder metal-
lurgy preforms of pure iron, Fe-0.35%C, Fe-0. 5% C
and Fe-1. 1% C experimentally with the influence of
lubricant conditions namely nil/no and graphite lu-

bricant and to establish the technical relationship
that exists between the characteristics of instantane-
ous strain hardening exponent with respect to per-
cent fractional theoretical density and true height
strain. Furthermore, the technical relationship is
established that
strength coefficient with respect to percent {ractional
Also

relationship

exists between instantaneous
theoretical density and true height strain.
stress-strain and stress-densification
was established for the four powder metallurgy pre-
forms under nil/no and graphite lubricant conditions
for initial aspect ratio of 0. 4. Tt is well known that
for P/M materials, stress is a function of induced
strain and densification, hence, a relationship is ob-
tained from a semi-log plot of stress against relative
density and analyzed.

1 Experimental

1.1 Materials and characterization

Atomized iron powder of size less than or equal
to 150 pm and graphite powder with size of 2—3 pm
were used in the present investigation. Analysis in-
dicated that the purity of iron was 99.7% and the
rest were insoluble impurities, The characteristic of
iron powder, Fe-0.35% C, Fe-0.75% C and Fe-
1. 1% C blends are shown in Table 1 and Table 2.

Table 1 Characterization of iron powder

No. Property Tron Fe-0.35%C  Fe-0.75%C Fe-1.1%C
blend blend blend
1 Apparent density/(g * cm™%} 3,38 3.37 3.29 3.21
2 Flow rate per 50 g powder measured by Hall flow meter/s 26.3 28.1 25.3 24. 8
3 Compressibility at (430110) MPa/{(g* em™%) 6. 46 6. 26 5.41 §.35
Table 2 Sieve size analysis of iron powder
Sieve size/pm 150 >125 >100 >75 >63 >45 <45
Retained matter in sieve/ % 10. 60 24. 54 15. 46 19. 90 11. 10 8. 40 10. 00

1.2 Blending, compaction and sintering

A powder mixture corresponding to Fe0% C,
Fe-0.35%C, Fe-0.75%C and Fe-1.1%4C was taken
in a stainless steel pot with the powder mixed to
porcelain balls (10—15 mm in diameter) with a ratio of
1+ 1 by mass percent. The mill was operated for 20 h
to obtain a homogenous mixing. Green compacts of
28 mm in diameter and 12 mm in length were pre-
pared. The powder blend was compacted on a 1.0 MN
hydraulic press using a suitable die, a punch and & bot-
tom insert in the pressure range of (4301+10) MPa
to obtain an initial theoretical density of 0. 84%. To
avoid oxidation during sintering and cooling, the en-

tire surface of the compacts was indigenously formed
ceramic coated. These ceramic’ coated compacts were
heated in the electric muifle furnace with tempera-
ture of 1200 ‘C. At this temperature, the compacts
were sintered for 90 min followed by furnace cooling.

1.3 Cold deformation

Sintered and furnace cooled preforms were ma-
chined to such a dimension so as to provide height-
to-diameter ratio of 0.40. Each specimen was com-
pressively deformed between a flat die-set in the in-
cremental loading step of 0. 05 MN using 1 MN capacity
hydraulic press under friction conditions, which in-
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cluded dry, unlubricated djes called nil/no lubricant
condition and lubrication consisting of graphite paste

condition. The deformation brocess was stopped once a
visible crack appeared at the free surface. Dimen-
sional measurements sych gg deformed height, de-
formed diameters Cincluding bulged and contact )
were carried out after every step of deformation and
the density Mmeasurements being carried out using the
Archimedes Principle, Experirnental results were
used to calculate the flow stress, trye height strain,
bercentage theoretical density and instantaneous
strength coefficient (Ciand K,), instantaneous den-
sity hardening index (m;) and instantaneous strain
hardening exponent (n,),

2 Theoretical Analysis

strain for P/M Mmaterials are ag follows,

0'=:P/AQ (1>

& =InCh,/h) (2)
and true hoop strain is

s=In[(2D{+D2)/3p7 (3)

where, 4, is the axial stress; P is the axial load; A,
is the initial contact surface area; & is the true axial
strain; & is the true hoop strain; A, is the initial
height of the preform; h; is the forged height of the
preform; D, is the forged bulged diameter of the
preform; D, is the forged contact diameter of the
preform; and D, is the initia] diameter of the preform,
According to R Narayansamy et g}t » the hoop
Stress (o) under triaxia] stress state condition can
be determined as given below,
ag=[(2ar+R2)/(2—R2+2R2a)]az (4
where, a=des/de. 5 de, is the plastic strain increment
in the axia] direction; de; is the plastic strain incre-

where® =20 | nder triaxial stress state for axisym-

metric upset forging condition (6, =0;, where o, is

the radial stress),
ac;rz{[of+26§‘Rz(a§+2azaa)]/2R2—1}°‘5 (5)

&‘m:{[gaziR‘)J [(ez_z-:g)z“i—(e,g‘e:)z]‘f*

2
[(L“%Z—ELJ (1—R?yjes (6
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Eqn. (5) and Eqn. (8) are utilized to determine
the strain hardening parameters as explained here,
An atternpt was made to use plastic flow (Ludwik)

©equation o = Ke", with little modification for P/M

preforms to determine the instantaneous strength
and instantaneous strain hardening, where 5 is the
true effective Stress; e is the true effective strain; K
is the strength coefficient and » is strain hardening
exponent, The theoretica] description is given as
follows, ‘

Assuming the consecutive effective load on the
preform is specified ag 1. 2, 3, -, (z—1), and =z,
the plastic flow €quation can be written as;

o = Ke" ) (7

Or—1 =Ke? _, (8)

Subtracting Eqn. (7) and Eqn. (8), the follow-
ing expression can be obfained

I T oe- =K (e —el_ ) (9
Eqn. (9) can be further deduced into
Ke=(a,‘o'r1)/(si—€i-1) (10)

Now, dividing Eqn. (7) by Eqn. (8), the fol-
lowing expression is obtained

az/azq=EZ/E§-1=(EI/EI-1)" (11)

Taking natura] logarithm on both sides of Eqn. (11),
it follows,

In(b-x/o-rl)=nln(e¢/ar-1) (12)

Eqn. (12) can be further simplified into

In€e, /5, 1)

nI:ln(e:/srl) (13)

Eqn. (10) and Egn. €13) can be utilized for. de-
termining the Instantanecus strength coefficient and in-
stantaneous strain hardening exponent from the exper-
imental data torresponding to stress and strain,

Furthermore, from the semi-log plot of stress
against relative density, the following linear rela-
tionship can be deduced as

lga=mR+1gC (14)
where, m is the density hardening index; and C js
the density strength coefficient, Eqn. (14) can be re-
duced to a genera] form as

o=Ce™ (15)

Assuming the consecutive effective load on the
preform is specified as 1, 2, 3, +-, (i—1), and i,
Eqn. (15) can be written as

a; = Ce™ (16)
Gim1 = Ce™Ri-) 17).
Dividing Eqn. (16) by Eqn. (17 gives

a.-/o-,-_1=(Ce”'Rf)/(Ce"‘R-‘*f) (18>

Taking natural logarithm on both sides of Eqn. (18),
it follows, '

ln(ai/ﬂ'i—l):m(R;.__R,'_i) (19)
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Eqn. (19) can be further simplified into
"= ln(o‘i/a';fl )
‘ R;—Ri,
Using Eqn. (20), m, can be determined. Fur-
thermore, subtracting Eqn. (16) from Eqn. .(;17 ).
the following expression can be obtained: .

(20)

::fél)

a:— -1 = Cle™: —e™fi-1) _
Eqn. (21) can be further rearranged as;
—_OiToimL
R T @2

From Eqn. (22), C; can be determined.
3 Results and Discussion

3.1 Stress-densification characteristics

Fig. 1 has been constructed between flow stress
and percentage fractional theoretical density for vari-
ous P/M steel preforms during cold delormation un-
der the influence of carbon content with initial theo-
retical density of 84%. The characteristics of the
curve are that the flow stress increases as the densi-
fication also increases, Due to the continual application
of the applied stress, the pores present in the P/M ma-
terial collapse and ciose, thereby enhancing the den-
sification and increasing the strength of the P/M ma-
terial. To further deform the P/M prelorms requires
additional load; hence, the applied load is increased
as the deformation and density increases. It is ob-
served (Fig. 1) that during cold upsetting, the rate

of densification of the P/M preforms exhibits three

distinct stages. From beginning to 0. 87 of relative
density, the densification rate is slower with a rapid
increase in flow stress; however, the flow stress
values are lower, This is because the initial applica-
tion of load is not sufficient to collapse and close the
pores and the internal compressive stress increases
and enhances the mobility of particles., When rela-
tive density is between 0. 87 and 0. 93, the densifica-
tion rate follows a linear trend with gradual increase
in densification. The slope of the curve during the
intermediate stage is lower compared to the initial
stage owing to substantial enhancement in the lateral
deformation during the intermediate stage which in
turn increases the load bearing capacity thus increas-
ing the applied stress. Finally, when the relative
density is above 0. $3, an increase in stress values is
observed with little densification owing to the work
hardening of the material, It is seen (Fig. 1) that {rom
initial density up to 0. 93 of relative density, the flow
stress is the highest for Fe-1. 1% C for any given
densification, followed by Fe-0. 75% C, Fe-0.35%C
and the lowest for pure iron. The smaller carbon par-

1200
1000 |

TFlow stress/MPa
&
=
=
T

< N,Fe
a N,Fe-0.76%C
x N, Fe-1.1%C

o N,Fe-0.356%C

384 086 088 090 092 0.94 056 098
Relative denstty

Aspect ratic of 0. 4; N—Nil/no lubricant condition.

Fig. 1 Variation of flow stress with relative
density For various P/M stecls

ticles (2—3 pm) [ill the bigger pores between iron
particles, reducing the pore size in the P/M pre-
form. Hence, as the amount of smaller particle size
(carbon particles).increases, the pore size in the P/M
preform becomes smaller and the flow stress re-
quired is higher due to higher load requirements for
further plastic deformation. Furthermore, the rate
of densification is higher in the case of pure iron in
comparison with Fe-1. 1% C. The densification be-
haviour of Fe-0. 35%C and Fe-0. 75 % C P/M preform
is between Fe-1. 1% C and pure iron P/M preform.
Thus, from Fig. 1, it can be concluded that when
the carbon content is reduced, the densification rate
can be substantially enhanced. This. behaviour is
true during the initial and intermediate stage; how-
ever, during the final stage, the flow stress values
increase substantially for the pure iron followed by
Fe-0.35% C, Fe0.75% C and the lowest for Fe
1.1%4C P/M preform under dry {riction conditions.
This indicates that pure iron preform is strain-hard-
ened at a faster and higher rate in comparison with
other preforms. This is due to the bigger pores pres-
ent in the pure iron preform which collapse and close
at a faster rate than the smazller pores present in i-
ron-carbon alloy preforms.

Stress and strength of P/M materials depend on
both strain and densification. As the P/M material is
deformed, the pores in the P/M material collapse,
enhancing the density and increasing the strength of
the material, and in view of this, a semi-log plot is
presented in Fig. 2 between stress in log scale against
relative density. The relationship between true
stress and relative density can be expressed as 5=
Ce(mR)

and m refers to density hardening exponent and these

., where C refers to density strength coefficient

two parameters can be utilized to understand the stress
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(a) Nil/no lubricant condition;
(b) Graphite lubricant condition.

densification phenomenon in enhancing the strength
of the P/M material. The characteristics of the
curves shown in Fig. 2 are similar and follow three
different mechanisms. Table 3 shows the values for
m; and C; obtained from Fig. 2 for different carbon
contents and different frictional! constraints and
Fig. 3 is plotted to show the effect of carbon content
in the P/M preform on density hardening exponent.
Mechanism 1 can be neglected for all practical rea-
sons as orily few points are available for plotting
(Fig. 2). Also initial application of stress is not suf-
ficient to densify the preforms and during the initial
stage, the material is able to resist the applied stress
until it exceeded the initial yield stress; hence,
mechanism 1 is neglected. From Table 3, it can be
noted that as the mi values increase, the C, values
decrease for the same composition preform. Further-
more, it is seen that the m; values are higher and the
C; values are lower in the case of nil/no lubricant
condition in comparisoq with graphite lubricant con-

Aspect ratio of 0. 4;  N—Nil/ne lubricant condition; dition. From Fig. 4, it can be seen that the m; values
G—Graphite lubricant eondition,

Fig.2 TFlow stress in log-scale for various P/M steels

decrease “with increasing carbon content for nil/no
lubricant; however, it is not the same result in the case

Table 3 Values of m; and C; of four steels

Frictional constraints

Composition Mechanism of density hardening Nil/no lubricant Graphite lubricant

m; C; mi G
Fe 1 15. 24 2.37X10718 28. 16 1.86X10"22
2 2. 55 2. 38 0.99 59,10
3 10. 29 1.18X10°7 5.35 5. 48X 103
Fe-0, 35%46C 1 5. 95 3. 47X 1074 17. 94 140X 1071
2 1.78 11.91 114 45.45
3 6. 31 7.61X10"4 5.4 5. 81 X143
Fe0.75%C 1 15. 21 3.67X1071 5.62 5.85X107%
2 2. 67 2.00 1.95 8. 86
3 7.18 1.13x 107 6.36 6. 13X 101
Fe-1l. 1%C 1 7. 65 9.13X10-5 4,26 9.19X 1072
2 1. 30 36,75 1. 64 18. 89
3 7.94 2,08X107% 5.46 4,78X1073
o5 v —e of graphite lubricant preform.
pRT —a G

3.2 Stress-strain characteristics
Fig. 4 has been constructed between flow stress

2.1

and true height strain for various P/M steel pre-

18 forms during cold deformation under the influence of

00 frictional constraints and carbon content with initial

[ 0.2 0.4 0.6 0.8 1.0 1.2
Carbon content

preform relative density of 84%. For any given true
height strain, the flow stress increases with the in-
Fig.3 Variation of density hardening exponent creasing percentage of carbon content in the preform.

against carbon content The bigger pores are more prominent to collapse and
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= NJFe-1.1%C - G,Fe-0.78%C
s NFe-035%C o GFe-1.1%C
g 0.2 0.4 0.6 0.8 1.0
True height strain

Aspect ratio of 0. 4;
G-—Graphite lubricant condition.

N—Nil/no lubricant condition;

Fig. 4 Varialion of flow stress with true height
strain for various P/M stecls

close than smaller pores for P/M materials. As the
carbon content increases, the pore size decreases, there-
by enhancing the stress values. The behaviour is true ir-
respective of lubricants employed; however, the stress
values are enhanced in the case of dry friction condi-
tion in comparison with graphite lubricant preform.

3.3 Strain hardening characteristics

It is well known that both the strain hardening
exponent and the strength coefficient are basic me-
chanical behaviour performance parameters of metal-
lic materials. Fig.5 and Fig. 6 are drawn to show the
relationship for #; against relative density and axial
strain, respectively, under the influence of carbon
content and frictional constraints, The characteris-
tics of the curves follow similar trend, a sudden in-
crease in m; values with little densification and de-
{ormation followed by a sudden decrease in the »;
values and then it follows a gradual increase for rela-
tive density of 0.86 —0.95 and for axial strain of
0. 05—0. 55, respectively. For relative density above
0. 95 and axial strain above 0.55, a mild to heavy
fluctuations in n; values are observed, This behav-
iour is true irrespective of lubricant employed. Ini-
tially, the applied stress is not sufficient to deform
the large amount of pores and the stress values rise
substantially for small amounts of densification and

2.0 @ Non-Iinear behaviour (b) Non-linear, behaviour
o N,Fe —_— . o G,Fe -
[0 T — + N Fe-0.35%C e L e s G,Fe-03%C
~=== % N,Fe-0.75%C s -=-= = (3,Fe-0.75% C
12 - ¢ N,Fe-1.1%C s GFe-1.1%C , e
& - -
08 L
x; 9@0
04t B i
0
0.82 0.93 0.82 0.98

Relative density

(a) Nil/no lubricant conditions

(b) Graphite lubricant condition.

Fig.5 Variation of instantaneous strain hardening exponent with relative density showing effect of carbon contents

20 @ °N,Fe | uNon-linear behaviour | | (b) e G,Fe . Non-linear behaviour,
----- »N,Fe-0.35% C " -m- s 5, Fe-0.35%C
L6 ~rer z N,Fe—0.75% C F - x G, Fe-0.76% C
—- o N,Fe-1.1%C . G, Fe-1.19 C
I L
- o
2 O o,
x et SN *
A «°
- . __,—'5.‘.\"-"" b oo a
1.0 0 0.2 04 0.6 0.8 L
True height strain

(a) Nil/no lubricant condition;

(b) Graphite lubricant condition.

Fig. 6 Variation of instantaneous strain hardening exponent with true height strain showing effect of carbon contenis

deformation (Fig. 1 and Fig. 4) is the reason for high
n; values initially which in no means increases the
strength of material and can be neglected. During
the final stage, the P/M material approaches near

.

theoretical density with 4% —5% pores left, which
are difficult to close., The preforms are highly strain
hardened at this point; hence, to further close the
remaining pores requires high applied stress, which
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iturn significantly increases the n; values and when
ése remaining pores collapse, the n; values are sig-
cantly reduced. This causes fluctuations in the »n;
lues in the final stages of deformation. Further-
bres, careful observations of Fig. 5 and Fig. 6 re-
;11 that during the intermediate stage (relative den-
'y of 0. 86—0. 95 and axial strain of 0. 05—0. 55),
strain hardening is pronounced for Fe-1. 1% C P/
teel and the #; values decrease with the reducing

the {rictional constraints,

Fig. 7 and Fig. 8 are drawn to show the relation-
ship for K; against relative density and axial strain,
respectively, under the influence of carbon content
and frictional constraints. The curves plotted in
Fig. 7 and Fig. 8 show that the K, increases rapidly
at low values of densification and strain rate fol-
lowed by a decrease in the K, values. Thereafter,

for relative density of 0. 88—0. 95 and axial strain of

(a) Nil/no lubricant condition;

.

on content in the preform. The increasing amount~ 0.17— 0. 55 respectively, the K, increased at a steady
arbon particles in the preform increases the num- state and for relative density above 0.95 and axial
of smaller particles; therefore, more grains and strain above 0. 55, a fluctuation in the K; values are
n boundaries are present. Hence, by interfering noticed, The fluctuations in the K; values are severe
dislocation movement, grain boundaries also for nil/no lubrication in comparison with graphite
ribute to the strain hardening of a P/M material  lubricant employed. The slope of the curve during
P¥become stronger as it is deformed. Furthermore, the intermediate stage is higher for nil/no lubricant
om Fig. b and Fig. §, it is noted that the n, values condition compared to graphite lubricant employed;
nhanced for nil/no lubrication in comparison hence, increasing the Irictional constraints enhances
graphite lubrication and the fluctuations of » the strength coefficient, The plot of K; against rela-
es are severe in the case of nil/no lubricant con-  tive density shows that Fe-0. 75 %C under nil/no lu-
n after relative density exceeds 0.95 or axial  bricant condition has enhanced strength coefficient
in exceeds 0. 55. It can be concluded that strain  values; however, in the case of graphite lubricant
ening is promoted in the P/M preform by in- condition, Fe-1. 1% C have shown enhanced strength
ng the amount of carbon content and increasing  coefficient values, The same phenomenon is observed
2000 1) — aNFe - ® —=GFe
..... & N,Fe-0.35% C w2 == (3 Fe-0.35% C =
1600 - ---- = N,Fe-0.76% C o - ., ggeMtll ;;‘V% € Non-linear
* N,Fe-1.1% C R 1 T Ee=l. ’ behaviour
g 1200 | |
2
« goof L
400 |
Non-linear behaviour e
0 . . X . . :
0.82 0.86 0.80 0.94 0.98 0.82 0.86 0.90 0.94 0.98
Relative density
(a) Nil/no lubricant condition; (b Graphite lubricant condition.
Fig. 7 Variation of instantancous strength coefficient with relative density
2000
(a) b 2 (b} b None-linear behaviour
1600 . -
Dg f’goxao x 4 .
& - x * B °
E ™t . B
N Non-linear behaviour | | =
~ 5 N,Fe 8 G.Fe
..... & N,Fe-0.35% 0 ==& GFe-0.35% C
== x N.Fe_0.75%C . - * G,Fe-0.75%C
« NFe-1.1%C o G,Fe-L1%¢C
0.6 0.8 10 0 02 0.4 0.6 0.8 1.0
True height strain

(b) Graphite lubricant condition,
Fig. 8 Variation of instantaneous strength coefficient with true height strain under
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for K; plotted against a strain.
4 Conclusions

The densification rate is found to be low when
increasing the carbon content in the P/M preform;
however, the final density achieved is higher in the
preform with highest carbon content. Furthermore,
strain hardening exponent is improved with increas-
ing carbon content in the P/M perform; however,
the effect of carbon content on the strength coeffi-
cient is literally nil. Besides, strain hardening and
strength coefficient in the P/M preform are im-
proved when the frictional constraints are increased.
Finally, two naw parameters namely density harden-
ing exponent and density strength coellicient are in-
troduced to study hardening behaviour in P/M mate-
rial by densification.
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