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Mechanical studies of wolfram carbide

1 INTRODUCTION

Nammo Raufoss AS is the inventor of the Multipurpose (MP) ammunition concept. The MP
technology was developed during the end of the 60s and the first series production started in
the beginning of the 70s. Still the product is of great importance for the company’s medium
caliber division. Large volumes of ammunition are delivered for the armed forces around the
world and in Norway.

The hard core of the 12.7 mm MP projectile consists of a high-density Wolfram Carbide-
Cobalt (WC-Co) hardmetal. The penetration capabilities of the hard core are of cause strongly
dependent of the material properties. Of special interest is the tensile and compressive strength
of this hard metal, which is very attractive. The greatest limitation when using hard metals
materials is the in general low ductility in comparison to for instance some steel materials.
Thus when the stresses during reaches the fracture surface the low ductility enhance a fast
decrease in the strength due to damage. For steel materials the strength stays high for much
larger plastic strains due to the in general larger ductility.

During penetration the compressive strength of the hardcore is the most important quantity,
while during exit of a target the tensile strength is more important. In general the best
penetrator is one that does not fracture during impact and penetration, but fractures during exit.
When the hardcore fractures during exit the number of fragments increases and in general
enhances damage to the structure behind the armour. During exit the tensile strength is the
most important material parameter.

The parameters established for the different hard cores are

e Young’s modulus

e Compressive modulus

e Yield function as a function of effective strain

e Pressure function as a function volumetric strain

e Fracture stress and fracture strain during simple compression

Also by using a curve fitting procedure to the experimental data and by using the transverse
rupture stress from the literature we also calculate the

e The maximum yield stress and the strain when the yield function first reached the
maximum value
e The fracture stress and fracture strain during simple extension



Other tests that gives important material parameters are the bending test and the hardness test.
These test are only slightly discussed in this article.

2 THE EXPERIMENTAL SET UP DURING SIMPLE COMPRESSION

The set up of the compression test is shown in figure 2.1.

@ T mm

=15 Mm

strain gauge

Figure 2.1: Set up of compression test.

Figure 2.2: The hardmetal test specimen after fracture.

The experimental recordings were the force and the longitudinal strain of the cylindrical test
specimen. The test specimen was cut out from the hard core by a precision cut-off machine.



During compression two strain gauges were placed on the opposite sides of the hardmetal
cylinder to measure the longitudinal strain. Thereafter the strain was calculated as the average
of the two recordings (figure 2.4 and 2.6). By doing this we could control any displacement of
the cylinder away from the longitudinal direction. For some recordings the difference between
the two gauges was small (figure 2.4) and for some the differences between the two gauges
were larger (figure 2.6). By comparing the average value with results from other identical
cylinders (figure 2.7), we found that the average strain value is a good approximation to the
true longitudinal strain for the cylinder. The figures below shows the actual data output from
the force sensor and strain gauges.
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Figure 2.3: Force versus time.
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Figure 2.4: Strain versus time.
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Figure 2.5: Force versus time.
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Figure 2.7: Compressive stress versus strain.

Figure (2.2) shows the fragments of the test specimen after fracturing. We observe that the
numbers of fragments are large. This indicates that the actual seeds for the unstable crack
growths were large. Basically this indicates that the numbers of seeds are so large that
increasing the dimension of the test specimen should not influence the results significantly.
This suggests that the Weibull modulus is large (10-20).

Different tests were averaged and fitted to a function of the form

1
Esg 1 \n
—, when & < &, =
na—a
o(e)=41Ta¢ 2.1)
o —ﬂ when &<¢
top — n’ — “top
I+ag,,

where ¢, is the maximum point of the yield function also given by
0o (g)/0e =0, when ¢ = Eop - 1t Will be shown that the least square fit was excellent. During

simple compression the hardcore fractured before the yield function reached the maximum
value and the fitted function was accordingly used for extrapolation to find the maximum yield
stress and the strain when the yield function reached the upper level. These values are
important parameters for other more general types of loadings where the pressure is larger
compared to the Missies stress. We also estimated the initial yield point and the corresponding
strain by using a 2% offset of the “effective” Young’s modulus, i.e. we used that

Ee
=098Es > ¢ =¢5,=(0.02/a) ", Y =— 2 2.2)

n
1+agy

E¢

l+ac”

o(e)=Y=

Finally the fracture strain during simple tension was calculated by using the literature value for
the transverse rupture strength (TRS) as the strength during simple tension. To read
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n
o(e)=—EE _TRS = £y ~ R 4o TRS
l+acg" " E E

where & is the calculated fracture strain during simple tension.

The plastic surface model is assumed to be of the form

mod def 172 def (o 1/2
Gm(em) = F(em) ,o = (%Sijzj , e = (5672) ,

def | def 1
3 3

where o™ is the familiar equivalent stress , ¢” is the equivalent strain and F is the flow

relation. During a simple compression we achieve that

O-ij:()forl'¢j, 0-2220-33:0, O-IISO’

gl'j =0f07”i¢j, Eyy = &33, €11 SO,

Then it follows from (2.4) and (2.5) that

1 2 1
Sip =013 —5511 =50113 Sy =833 =—§Un

1 1
€1 =11 —5(511 +2<922), € = €33 :—5311

This gives when inserting into (2.4) that

O-m :|O-11 , em :|ell|

2.3)

24

(2.5)

(2.6)

2.7)

Thus unless the material is incompressible the axial stress must be plotted against the reduced

axial strain e to reveal the plastic yield surface.

For a linear elastic material it is easy to derive the following equation

Inserting into the definition in (2.4) gives that

def 1/2
o = [%SU-Z] = 3Ge"

(2.8)

(2.9)
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Thus by plotting the axial stresses against the axial reduced strain the shear modulus G is
revealed during simple compression since o = |0'11| and " = |e11|.

Finally we study the Poisson’s ratio. Define the total ratio and the elastics ration during simple
compression as

def
Vi :_@:_Eﬁ, (a)
& &
wr e“ i (2.10)
v :_g 22 :_g 33 (b)

£ £
where the superscript “t” means the total Poisson ratio. Assuming that the volumetric plastic

deformation is insignificant i.e. & = &%, + &%y = &y , we further have for a linear elastic

part when using (2.10a)

_ e e e _ e e e
011—3K(511+5 »nteE 33)— (5 1ntépn+te 33)

1-2v . @.11)
_ _ At _ At
—3K(811+822+833)—3K(1 2v )811 1—21/(1 2v )6‘11
(2.11) can be solved for the total Poisson’s ratio to give the equation
R L (2.12)
2 \2 Eg,
It also follows that
_ _ 1\ _ 011
511+822 +€33—gll+2822—811(1—21/ )—(1—2V)— (213)
Then it follows that
e = e~ (61, + 260 ) = &1, —(1-2v) TLL (2.14)
n=en Tz 22 11 3E

Since most materials do not vary so much in the elastic Poisson’s ratio, equation (2.14) can be
used to transform between the axial strain and the reduced axial strain.
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3 THE COMPRESSION TEST
The compression test is used to establish a relation for the material parameters. The test did not

correspond to the ISO standard, but we show that the recorded values are in good agreement
with the ISO standard values in cases were we could compare the results.

3.1 KMS (Kennametal Hertel)

Stres= [MPa]

G000

000

2000

2000

2000

1000

strain (pmfm)
Soo00 loo00a 15000 Zooon
— Average of the measurements * Average measured fracture point — Standard deviation of the measurements
Fit function

Figure 3.1: Compressive stress versus longitudinal strain.

The average of the measurements are based upon four different tests. The function that give

least square fit to the average of the measurements are:
Ee¢ 0.600971 ¢

ltae" 1+44105-10°¢7

,where o is in MPa, E is in TPa, ¢ in pm/m and a and » is nondimensional constants.

o(e)=

o (&) reached the maximum for:
&,y = 22877 pm/m, o, =5755 MPa.
The exerimental values for the average of the fracture point is:

&7 =14065 pm/m, o ; =5269 MPa.

We observe that the fitted function goes close through the experimental values for the fracture
point. This is not obvious since the fitted function was only fitted to the data where all the test
specimens were not fractured. This point is below the average measured fracture point. Also
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observe that the fracture stress is not close to the maximum stress that can be reached for other
types of loadings.

3.2 KXC (Kennametal Hertel)

Stress [MFPa)

c000

F00n

2000

2000

2000

Lo0o f

strain {pmim)
2800 s000 7500 10000 1z500 15000

— Average of the measurements * Average measured fracture point — Standard deviation of the measurements
Fit function

Figure 3.2: Compressive stress versus longitudinal strain.

The average of the measurements are based upon three different tests. The function that gives

least discrepancy from the average of the measurements are:
Eg 0.634632 ¢

ltae" 1+4.73849-10° &7

,where o is in MPa, E in TPa, £ in um/m and a and » is nondimensional constants.

o(e)=

o (&) reached the maximum for:

&, =17071 pm/m, o, = 5334 MPa.

The experimental values for the average of the fracture point is:
&7 =13640 pm/m, o, =5231 MPa.

We observe that the fitted function goes close through the experimental values for the fracture
point. Also observe that the fracture stress is close to the maximum stress that can be reached
for other types of loadings.
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33 G10 (Kennametal Hertel)

Stras= [MPa] elo

S000

s %

2000

Znon

000

=strain (pmim)

2000 000 so0n &000 o000 1z000 14000

— Average of the measurements * Average measured fracture point — Standard deviation of the measurements
Fit function

Figure 3.3: Compressive stress versus longitudinal strain.

The average of the measurements are based upon three different tests. The function that gives

the least discrepancy from the average of the measurements are:
Ee 0.625768 ¢

l+ag" 1+2.5677-10° &*

,where o is in MPa, E in TPa, ¢ in um/m and @ and » is nondimensional constants.

o(e)=

o (&) has a maximum for:
&,p =15946 pm/m, o,,, = 5087 MPa.
The experimental values for the average of the fracture point is:

£, =10382 pm/m, o, = 4628 MPa.

For this WC-Co hardmetal we also measured the circumferential strain, €g0, 0n one specimen.
A strain gauge was mounted on each side of the specimen. Because of the small size of the test
specimen there was no space left to mount any strain gauges in the longitudinal direction.
Therefore we simply took the longitudinal strain, €,,, from one of the tests we already had
measured and used this to get the volumetric strain. Although we did not measure the
longitudinal and circumferential strain on the same specimen we believe the volumetric strain
is truthful.
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Figure 3.4: Pressure [MPa] versus volumetric strain [um/m].

The bulk modulus, K, is the slope for the first part of the curve in figure 3.4. Since our curve is
almost linear up to 2000 pm/m, we fitted a linear function in the range 0 — 2000 um/m. This
gives K=375.7 GPa. Thus the elastic Poisson ration is 1/2—(E/6K)=0.22.

Foisson's ratio
=10

a.5
a.4
J_#__~——~_~_
Fﬂf—#
o.z2
a.z
0.1
£
zoon 4000 Gooo s000 0000 1&000 13000

— Analytical solution of Eqn. 2.12 A gg/e,, for the experiment = Experimental values in Eqn. 2.12

Figure 3.5: The total Poisson’s ratio (v) as a function of the longitudinal strain (e.. [um/m]).
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34 H8N (Sandvik Hard Material)

Stre=s [MPa] —

e | N

4000 ]

ol )

/

Z000 000 eoon G000 0000 1e000 14000

2000

1000

=train (pmim)

— Average of the measurements * Average measured fracture point — Standard deviation of the measurements

Fit function

Figure 3.6: Compressive stress versus longitudinal strain.

The average of the measurements are based upon three different tests. The function that gives

the least discrepancy from the average of the measurements are:
Ee¢ 0.622831 ¢

l+ae"  1+4.26607-107° g22

,where o is in MPa, E in TPa, ¢ in um/m and @ and » is nondimensional constants.
o (&) reached the maximum for:

&y =15199 pm/m, o,,, =5202 MPa.

o(e)=

The experimental values for the average of the fracture point is:

&7 =12561 pm/m, o, = 5154 MPa.
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3.5 H6N (Sandvik Hard Material)

Stres=z [MPa) —

/

5000

000 ‘/

2000

2000 /
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— Average of the measurements — Average fracture stress —— Standard deviation of the fracture stress

Fit function

Figure 3.7: Compressive stress versus longitudinal strain.

The average of the measurements are based upon two different tests. In one of the tests the
strain signal was lost before reaching the fracture point. This is due to limitation of the
software/amplifier we used. Thus, there are no valid average or standard deviation for the
strain measurements at the fracture point. However, we assumed that the average fracture
strain is at the intersection for the average fracture stress and the fitted function. The function

that gives the least discrepancy from the average of the measurements are:
Eeg 0.657763 ¢

ltae" 1+8.74275-107 £ ®

,where o is in MPa, £ in TPa, £ in um/m and @ and » are nondimensional constants.

o(e)=

o (&) reached the maximum for:

&,p =26142 pm/m, o, = 5336 MPa.

The average compressive stress at the fracture point is measured

o/ =5080 MPa

Intersection point between average fracture stress and the function o(g) gives:
— &(o,)=16631 pm/m.
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3.6 H10N (Sandvik Hard Material)

Stres= [MPa] _

S000

2000 i

2000 /

yd
/
b/

strain (pmim)
2500 S000 7500 l0aoa 1z500 15000 17500

— Auverage of the measurements — Auverage fracture stress —— Standard deviation of the fracture stress

Fit function

Figure 3.8: Compressive stress versus longitudinal strain.

The average of the measurements are based upon three different tests. In one of the tests the
strain signal was lost before reaching the fracture point. This is due to limitation of the
software/amplifier we used. Thus, there are no valid average or standard deviation for the
strain measurements at the fracture point. However, we assumed that the average fracture
strain is at the intersection for the average fracture stress and the function. The function that

gives the least discrepancy from the average of the measurements are:
Ee¢ 0.591082 ¢

ltae" 1+1.6711-107 &

,where o is in MPa, E in TPa, ¢ in um/m and a and » are nondimensional constants.

o(e)=

o (&) reached the maximum for:

&pp =19089 pm/m, o,,, =4360 MPa.

The average compressive stress at the fracture point is:

o =4351 MPa

Intersection point between average fracture stress and the function o (&) gives:

— &(oy)=17544 pm/m.
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3.7 G15 (Kennametal Hertel)

Stres= [MPa) ELs

S000

2000

2000

Z000

1000

strain (pmim)
S000 10000 15000 20000

— Average of the measurements — Average fracture stress —— Standard deviation of the fracture stress

Fit function

Figure 3.9: Compressive stress versus longitudinal strain.

The average of the measurements are based upon four different tests. In all the tests the strain
signal was lost before reaching the fracture point. This is due to limitation of the
software/amplifier we used. Thus, there are no valid average or standard deviation for the
strain measurements at the fracture point. However, we assumed that the average fracture
strain would be at the intersection for the average fracture stress and the function. The function

that gives the least discrepancy from the average of the measurements are:
Eg 0.584536 ¢

ltae" 1+1.75133-10 7 £

,where o is in MPa, £ in TPa, ¢ in pm/m and a and » are nondimensional constants.

o(e)=

o(¢&) reached a maximum for:

Epp = 21380 pm/m, o, =4735 MPa.

The average compressive stress at the fracture point is:

o =4698 MPa

Intersection point between average fracture stress and the function o (&) gives:

— &(oy)=18240 pm/m.
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3.8 Lot 84, unit no. 24 (Baldonit)

Stress= [MPa] Ealdenit
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— Auverage of the measurements — Auverage fracture stress —— Standard deviation of the fracture stress

Fit function

Figure 3.10: Compressive stress versus longitudinal strain.

The average of the measurements are based upon three different tests. In one of the tests the
strain signal was lost before reaching the fracture point. This is due to limitation of the
software/amplifier we used. Thus, there are no valid average or standard deviation for the
strain measurements at the fracture point. However, we assumed that the average fracture
strain would be at the intersection for the average fracture stress and the function. The function

that gives the least discrepancy from the average of the measurements are:
Eg 0.581745 ¢

l+ae" 1+1.58968-10 7 &©

,where o is in MPa, E in TPa, ¢ in um/m and a and » are nondimensional constants.

o(e)=

o(&) reached a maximum for:

&,p =19683 um/m, o, = 4426 MPa.

The average compressive stress at the fracture point is:

o =4323 MPa

Intersection point between average fracture stress and the function o (&) gives:
e(o;)=15035 pm/m.
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3.9 Job number: 13900005, Manufacturing source: 945922 (Cime Bocuze)

Stress [MPa] Cime EBocuse

S000

4000

2000

zoon f%

1000

strain (pmim)
S000 10000 15000 20000

— Average of the measurements — Average fracture stress —— Standard deviation of the fracture stress

Fit function

Figure 3.11: Compressive stress versus longitudinal strain.

The average of the measurements are based upon three different tests. In one of the tests the
strain signal was lost before reaching the fracture point. This is due to limitation of the
software/amplifier we used. Thus, there are no valid average or standard deviation for the
strain measurements at the fracture point. However, we assumed that the average fracture
strain would be at the intersection for the average fracture stress and the function. The function

that gives the least discrepancy from the average of the measurements are:
Eg 0.558617 ¢

ltae" 1+7.13379-10 &%

,where o is in MPa, £ in TPa, ¢ in pm/m and a and » are nondimensional constants.

o(e)=

o(¢&) reached a maximum for:

Epp = 23364 pm/m, o,,, =4233 MPa.

The average compressive stress at the fracture point is:

o s =4206 MPa

Intersection point between average fracture stress and the function o (&) gives:
e(o ;) =19894 pm/m.
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3.10 Summary
Stres= [MFa]
&0
SO0 /
.:—'-'_'_'_'_'_'_'_‘_
3010
200
OJ
200 =
100
s00d 1aodad 15000 Zo0an 5000
— KXC — G10 H6N KMS H8N Cime Bocuze Baldonit HION —Gl15

Figure 3.12: Stress versus strain for all tests.

strain [pmim]

Figure (3.12) shows the results for all tests for the fitted functions. The more general picture
that appears is that lower fracture stress is correlated to larger fracture strain. To study this

more closely we calculated the energy absorption by using the relation E = I f O'(g)d £.
o

Table (3.1) shows the results. It turns out that the material with lowest fracture stress is able to
absorb most energy. The reason is the larger fracture strain. But also G15 is a good candidate.

Experimental | Literature | Experimental L\i(teratu,re Ex$erime,ntal
Energy [MJ)/m®| Compressive | Compressive |Fracture strain mco)léi:?uz mggz?uz

Strength [MPa]|Strength [MPa]| [um/m] (GPal (GPa]

KMS 45.68 5269+/-101 14065 600
KXC 45.20 5231+/-153 13640 640
G10 28.41 4628+/-122 10382 630
H8N 39.80 5154+/-191 5200 12561 600 620
H6N 56.65 5080+/-188 6200 16631 630 660
H10N 54.42 4351+/-122 5200 17544 585 590
G15 59.83 4698+/-102 4500 18240 580 580
Baldonit 43.57 4323+/-112 15035 580
Cime Bocuze 60.39 4206+/-110 19894 560

Table 3.1: Energy absorption, compressive strength and Young’s modulus for the different

hard cores.
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Young's Bulk Shear
Poisson's| modulus, E | modulus, K | modulus, G €41f €41top 11t €11t0p O1110p(€) | O11t0p(€)
ratio [TPa] [TPa] [TPa] [um/m] | [um/m] | [um/m] | [pm/m] o044 [MPa]| [MPa] [MPa] a n a' n'
G10 0223 0.6258 0.3725 0.2565 10382 15946 8964 13545 4628 5087 5000 2.5677 10° | 2.04 |1.26816 10°| 1.92
KMS 0223 0.6010 0.3577 0.2463 14065 22877 12416 20329 5269 5755 5691 4.410510% | 1.72 |1.89932 107| 1.61
KXC 0223 0.6346 0.3778 0.2601 13640 17071 12696 14946 5231 5334 5289 |4.7384910°| 1.97 [2.76399 10| 1.83
H8N 0.22 0.6228 0.3707 0.2553 12561 15199 | 11016 2| 12991 5154 5202 5142 |4.26607 10™°| 2.22 |2.85357 10| 2.07
H6N 0.21 0.6578 0.3915 0.2696 16631 ' | 26142 15325 | 24847 5080 5336 5319 |[8.74275107 | 1.45 |2.92503 10°| 1.36
H10N 0.22 0.5911 0.3518 0.2422 17544 | 19089 |16170 ?| 17459 4351 4360 4341 1.6711107 | 1.63 |6.85663 107| 1.52
G15 0.22 0.5845 0.3479 0.2396 18240 ' | 21380 17349 19691 4698 4735 4717 |1.75133107 | 1.61 |7.23819107| 1.5
Baldonit | 0.22 * 0.5817 0.3463 0.2384 15035 ' | 19683 13871 17992 4323 4426 4403 |1.58968 107 | 1.63 [6.55049 107| 1.52
Cime
Bocuze | 0.22 3 0.5586 0.3325 0.2289 19894 ' | 23364 18606 [ 22390 4206 4233 4234 | 7.13379107 | 1.48 [2.61302 10| 1.38

1 — Assumed value for intersection between o(g) and oy.
2 — The value is calculated using equation 2.14, the other values in this column are calculated using the equation for o(e) — e(o11r)=€11¢
3 — Assumed value

Table 3.2: Properties for the different WC-Co hardmetals.

For table 3.2 the units is matched to give the values as shown in the table when using the

equations o(e) = ie, and o(¢) = i If using m/m as the unit of the strain instead of
l+a'e" 1+asg"

um/m, a and a’ should be multiplied by 10°, and E and G by 10°to give o in MPa. n is

unchanged.

The yield strength is an important value since it is the value at which materials starts to show
permanent deformation. Because there is no definite point where elastic strain ends and plastic
strain starts the yield strength is chosen where the slope of the stress-strain curve deviates 2
percent from the elastic modulus of the hardmetal. The yield strength and corresponding strain
is shown in the table below.

Yield Yield
strength | strain
[MPa] [um/m]

G10 1480 2413
KMS 1158 1967
KXC 1450 2331
H8N 1758 2880
H6N 663 1029
H10N 765 1320
G15 803 1402
Baldonit 776 1362
Cime Bocuze| 562 1026

Table 3.3: Yield strength and yield strain.




26

4 OTHER RELATIONS, ALSO SANDVIK DATA

In this section we compare our results with other results from the literature

4.1 Young’s modulus as a function of the Cobalt content for different particle sizes
800.0
—e— Ultra-Fine (0,3-0,5 pm)
700.0 —m— Extra-Fine (0,5-0,9 pym)
X Fine (1,0-1,3 um)
__ 600.0 - ‘0%" Medium (1,4-2,0 ym)
g Sy —x— Medium-Coarse (2,1-3,4 um)
" 500.0 1 —e— Coarse (3,5-4,9 ym)
>
E —+— Extra-Coarse(5,0-7,9 ym
§ 4000 - ( bm)
= X H10N
(7]
2 300.0 - H8N
5 H6N
(]
> 200.0 G15
G10
100.0 | KMS
KXC
00 T T T G16
0 10 20 30 40
Cime Bocuze
wt% Co

The figure shows that the Young’s modulus is not sensitive to the particle size of the WC
grains. This shows that elastic deformation is mainly a volumetric property and is only

marginally related to surface phenomena in the material.




27

4.2 Bulk modulus as a function of the Cobalt content for different particle sizes
450
400
350 —e— Ultra-Fine (0,3-0,5 pm)
_ —m— Extra-Fine (0,5-0,9 ym)
& 300 Fine (1,0-1,3 pm)
‘a 250 .~ Medium (1,4-2,0 um)
£ s Medium-Coarse (2,1-3,4 ym)
T
g 200 —e— Coarse (3,5-4,9 ym)
= —+— Extra-Coarse(5,0-7,9 pm)
s 150
m X G15
100 x G10
50
0
0 10 20 30 40
wt% Co

The bulk modulus follows the same kind of relation ship as the Young’s modulus. Thereby the
Poison ration is only marginally depending on the Co content.
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4.3 The plastic parameter a as a function of the Cobalt content
10000
9000
8000
o H10N (1.4-2.0 ym)
7000 m H8N (1.4-2.0 um)
< 6000 H6N (1.4-2.0 ym)
E?, 5000 »x Cime Bocuze (2 pm)
e x G15
'w 4000 o KMS
3000 + KXC
=G10
2000
1000
!
0
0 2 4 6 8 10 12

wt% Co

The plastic parameter a is here given for strains in m/m. We have only access to the values
found by our measurements. Of special interest is whether there is any significant dependence
on the particle size.

4.4 The exponential parameter n as a function of the Cobalt content

25

¢ H10N (1.4-2.0 ym)

m H8N (1.4-2.0 ym)
H6N (1.4-2.0 ym)

x Cime Bocuze (2 ym)

x G15

o KMS

+ KXC

=G10

1.5

05

0 2 4 6 8 10 12
wt% Co

The n exponent is non dimensional. Again the relation to the particle size is of interest.
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4.5 Compressive strength as a function of the Cobalt content for different particle
sizes
—&— Ultra-Fine (0,3-0,5 pm)
14000 —— Extra-Fine (0,5-0,9 uym)
Fine (1,0-1,3 um)
12000 - Medium (1,4-2,0 ym)

E \ —*%— Medium-Coarse (2,1-3,4 um)
£. 10000 —e— Coarse (3,5-4,9 um)
":',', —+— Extra-Coarse(5,0-7,9 um)
G 8000 - X H10N
w H8N
2 6000 - g X H6N
7]
g )\QQAX G15
o . G10
g 4000 \'W
8 KMS

2000 - KXC

X G16
0 ‘ ‘ ‘ Cime Bocuze
0 10 20 30 40

wt% Co

The compressive strength is increasing with decreasing particle size for a given Co content.

This is expected since fracturing is most likely related to fracture surfaces initiated close to the

particle surfaces. We observe that decreasing the particle size gives larger compressive
strength for the same Co content. This is reasonable since smaller particles give more surfaces

and probably larger strength for the same material. Thus this suggests that the bonding

between the particles and the matrix is important for initiating the fracturing during
compression. For a given particle size we expect that decreasing the Co content in the end

gives lower strength (not shown in the figure above). The glue between the WC particles

ultimately disappears when the Co disappears.
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4.6 Hardness as a function of the Cobalt content for different particle sizes
Sandvik Hard Materials - sintered tungsten carbide
25.0
20.0
A—x& —e— Ultra-Fine (0,3-0,5 pm)
= ‘ —m— Extra-Fine (0,5-0,9 um)
?-2' 15.0 Fine (1,0-1,3 um)
§ —¢— Medium (1,4-2,0 ym)
-E 10.0 —%— Medium-Coarse (2,1-3,4 um)
T —e— Coarse (3,5-4,9 uym)
—+— Extra-Coarse(5,0-7,9 ym)
5.0
0.0
0 10 20 30 40
wt% Co

The hardness follows that same kind of relationship as the compressive strength. This is an
important relation, which we will address later in this report.

4.7 Fracture strain during simple compression as a function of the Cobalt content

for different particle sizes

25000

20000

¢ H10N (1.4-2.0 pm)

m H8N (1.4-2.0 ym)
H6N (1.4-2.0 ym)

» Cime Bocuze (2 ym)

x G15

o KMS

+KXC

=G10

15000

10000

5000

Compressive fracture strain [um/m]

wt% Co
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In general we expect that the fracture strain should increases with increasing Co content since
the yield curve tends to be lower for increasing Co content. A simple hypothesis is that a given
particle distribution corresponds to a given compressive strength, independent of the Co

content of the material.

4.8 Estimated tensile fracture strain versus Cobalt content
8000
E 7000 -
£
= 6000 -
£ ” & H10N (1.4-2.0 pm)
e + .
» 5000 m H8N (1.4-2.0 pm)
2 \/ H6N (1.4-2.0 pm)
B 4000 | x G15
ZJ KMS
% 3000 +KXC
2 -G10
- 2000 -
[
g
= 1000
(72]
11}
O T T T T T
0 2 4 6 8 10 12
wt% Co

, : . TR TRSY'
The tensile fracture strain was calculated by using the formula: &, = TS(I +a (Tj J ,

where TRS is the transverse rupture strength reported in the literature. We expect that by
increasing Co content the fracture strain should increase. This is not clearly seen in this
picture, but is more clearly seen in the next figure. Only the first term is used to calculate the
fracture strain in the next figure.
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Sandvik Hard Materials

9000

—&— Ultra-Fine (0,3-0,5 pm)
8000
7000 - —— Extra-Fine (0,5-0,9 ym)

6000 - ?'fx/"/x Fine (1,0-1,3 um)
5000

Medium (1,4-2,0 ym)

4000 (
{ —¥— Medium-Coarse (2,1-3,4

Tensile fracture strain = TRS/E [pum/m]

3000 - Hm)
2000 - —&— Coarse (3,5-4,9 uym)
1000 +— Extra-Coarse(5,0-7,9 ym)
0 T T T
0 10 20 30 40
wt% Co
4.9 Transverse rupture strength as a function of Cobalt content for different particle
sizes
Sandvik Hard Materials - sintered tungsten carbide
4500
4000
£ 3500
= —&— Ultra-Fine (0,3-0,5 um)
;; 3000 - —m— Extra-Fine (0,5-0,9 pm)
S 2500 - Fine (1,0-1,3 pm)
@ Medium (1,4-2,0 pm)
5 2000 .
..E_ —¥%— Medium-Coarse (2,1-3,4 um)
2 1500 - —e— Coarse (3,5-4,9 pm)
(]
7 - -
§ 1000 | —+— Extra-Coarse(5,0-7,9 ym)
2
& 500 -
-
0 : : : : : :
0 5 10 15 20 25 30 35

wt% Co

In general the fracture strength during tension increases with the Co content. The compressive
strength decreased with the increased Co content. Why the transverse rupture strength shows
the inverse relation ship is important. This suggests that fracturing during compression and
during tension is related to different physical mechanisms on the particle level. Also the
strength increases for smaller particles up to approximately 10 wt% Co.
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4.10 Fracture toughness as a function of Cobalt content for different particle sizes

Sandvik Hard Materials - sintered tungsten carbide

30

25

20 A

15

10

Fracture toughness [MPa m”0.5]

—&— Ultra-Fine (0,3-0,5 ym)

—#— Extra-Fine (0,5-0,9 um)

—¥— Medium-Coarse (2,1-3,4
—8— Coarse (3,5-4,9 um)

—+— Extra-Coarse(5,0-7,9 um)

Fine (1,0-1,3 pm)

Medium (1,4-2,0 ym)

pm)

10

20 30 40
wt% Co

The fracture toughness is depending on the particle size.

4.11 Compressive strength versus hardness

12000

5000

Compressive strength [MPa]

11000 -
10000 -
9000 -
8000 -
7000 -
6000 -

4000 +
3000 -
2000 -
1000 H

Sandvik Hard Materials - sintered tungsten carbides

—e— Ultra-Fine (0,3-0,5 pm)
—m— Extra-Fine (0,5-0,9 um)

Fine (1,0-1,3 pym)

Medium (1,4-2,0 pm)
—%— Medium-Coarse (2,1-3,4 pm)
—— Coarse (3,5-4,9 pm)
—+— Extra-Coarse(5,0-7,9 ym)

0 2 4 6

8 10 12 14 16 18 20 22 24
Hardness [GPa]

The compressive strength and the hardness follow a relationship that is not depending on the
particle size. This suggests that hardness and compressive strength is related to the same

physical mechanism.
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4.12 Compressive strength versus transverse rupture strength
14000
== Lkra-Fine (0 3-0.5 pm})
1 1
2000 2000 = Extra-Fire (0,509 pm)
Fine (1,013 m)
10000 @ Medium [14-2,0 pm)
= s — )
% Qo0 = Mediur-Coarse (2.1-34 pm)
= £ e COarsE (3,543 pm)
B 8000 FIPSTT -
& - Eutra-Coarsa(s 0-7,9 um)
w
= i w 315
g = mi 'E
% G000 G000 E = Siress on bard core (ARMON 600)
g . & H10N
g e € | C
'5 _'::’" * ®* HEN
4000 o
Wl ﬁ © HEN
iy
3000 -
2000 - HMS
KX C
" " - Bfress on han core (ARMOK 370)
1500 2000 2500 3000 3500 4000
TRS [MPa]

This figure is important for the overall conclusion for the hard core. The two lines with v=0
indicates the stress necessary for quasi-static penetration into two different steel plates. We
observe that the strength of the G15 hard core is above the line for the standard steel Armox
370. Also 820 m/s impact is below the strength of the hardcore. When using 920 m/s the figure
indicates that the hardcore should fracture. This is close to the experiments from the shooting
range. With Armox 600 the hardcore G15 is able to penetrate quasi-statically. At 930 m/s the
hardcore should fracture during penetration of Armox 600. This is also observed at the

shooting range.




4.13 Compressive yield strain and stress versus Cobalt content

3500
3000
E o H10N
5 2500 = H8N
'% H6N
13 2000 « Cime Bocuze
% x G15
> 1500 «KMS
% + KXC
n
2 1000 =G10
Q
£
[}
© 500
0
0 2 4 6 8 10 12
wt% Co
The compressive yield strain was calculated as shown in section 2.
2000
1800
T 1000 o+ H10N
2. 1400 = H8N
(2]
4 H6N
£ 1200 _
i »« Cime Bocuze
S 1000 %« G15
>
g 800 ° KMS
@ +KXC
® 600
g. =G10
8 400
200
0
0 2 4 6 8 10 12

wt% Co

The compressive yield stress was calculated as shown in section 2.
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4.14 The term a &" as a function of Cobalt content for different strain values

0.050
0.045
0.040
o H10ON
E 0.035 = HSN
T 0.030 H6N
(]
E Cime Bocuze
% 0.025 )
> x G15
$ 0.020 o KMS
)
w KXC
“ 0.015 *
=G10
0.010
0.005
0.000
0 2 4 6 8 10 12
wt% Co
The term a &" for the average yield strain, g(average yield) = 1796 um/m.
1.8
1.6
1.4
¢ H10ON
1.2 m H8N
fi H6N
g 10 « Cime Bocuze
E 0.8 x G15
= o KMS
® 06 +KXC
0.4 o0 G10
0.2
0.0
0 2 4 6 8 10 12
wt% Co

The term a &" for the fracture strain, g(fracture).



0.7
0.6
05 o H10N
c m H8N
<
= H6N
£ 04 .
g_ « Cime Bocuze
o G15
S 03 *
= o KMS
© 02 +KXC
' o G10
0.1
0.0
0 2 4 6 8 10 12
wt% Co
The term a &" for the strain, € = 10000 um/m.
4.15 Gtop and £p as a function of Cobalt content
30000
25000
o H10N
T 20000 m H8N
T HeN
= « Cime Bocuze
2 15000
2 x G15
% o KMS
% 10000 +KXC
=G10

5000

0 2 4 6 8
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Strain(top), €wp, 18 the strain when the function o(€) (Equation 2.1) reach the maximum value.
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7000

6000 -

5000 | - + H10N
—_ X m H8N
g H6N
£, 4000 - ,
= Cime Bocuze
S x G15
@ 3000 -

o KMS
® +KXC

2000 -

=G10
1000 -
0 T T T T T
0 2 4 6 8 10 12
wt% Cobalt

Stress(top), Giop, 1 the stress when the function o(€) (Equation 2.1) reach the maximum value.

5 CONCLUSION/DISCUSSION

We have examined and found material properties for different hard cores of sintered WC-Co
penetrators. The overall conclusion is that the compressive strength of the hard core G15 is
only marginally above the compressive strength necessary to penetrate Armox 370 at 860 m/s.
By increasing the hardness of the target the penetration capability of the hardcore should
decrease significantly to about a third of the original value. Changing the hardcore to a
material with more compressive strength should in general increase the penetration capability
of the hardcore significantly. We believe that the transverse rupture strength should be
approximately the same as for the G15 hard core.



A APPENDIX

The following material parameters were used in the analytical theory:
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Properties for sintered WC-Co hardmetals

Poisson’ | Coercivity, Young's Fracture
s ratio He Density TRS HV30 Compressive Modulus toughness |Average grain

Product name [Oersted] |[g/cm’]| wt% Co | [N/mm?®] | [GPa] |strength [GPa] [GPa] IMN/m®?] size [um]

G15 0.22 136 | 1455| 99 | 2800 [13.4-14.1 45 580 142

G10 14.85 7 3000 (14.9-16.0

KMS 14.4 10 3600 (16.0-16.8

KXC 14.9 6 3100 (16.1-17.1

G16 14.35| 11.6 3000 (12.7-13.6 4.95 579

H10N 0.22 14.5 9.5 2400 14.8 5.2 585 14 14-2.0

H8N 0.22 14.65 8.5 2400 15.3 5.2 600 13 14-21

H6N 0.21 15 6 2600 16.9 6.2 630 11 14-22
Cime Bocuze 14.5 11 13.2 2

Baldonit

Table A.1: Properties given by the manufacturers.

Note: The hardness HV30 is calculated in GPa by using the formulae:

HV30[GPa]=HV30[kg/mm?] - 1.058 - 10
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DATA SHEET

ARMOX 370T

(ARMOX 3705 C 9540X0052, MIL-A-12580, ARMOX 816 MVEE 816, ARMOX 370 TL 2350-0000)

2000-06-08

E-1 0, 55 RS O

CHEMICAL c S M P 8 cr M Mo 8
COMPOSITION s [ Frax [ Frax s e [
{ladles analysis) % % % % % % % % %
032  04-04 12 015 0,M0 1,0% 1.8% a7 0,005
The sies is grair-refined.
1} For piate fiicnassas =100 mm Cr < 1,5and K <35
MECHAMICAL Plate fickn. Hardnass Chary- —40°C" Yied svengh  Tenslestmng®h  Elongaon
PROPERTIES T HEW 10x10 test spacman Rpld2 Mo Ren Wi o AS% ASD%
Cassi 3= 20 330430 Min 20 Jous Min_ 1000 1150-1350 Min 10 Mn 12
20 = 40  340-330  Mn. 25 Jous Min. 200 1050-1250 Min 11 Mn 13
40- 80  300-350 Min.30 Joue Min. 850 950-1150 Min 12 Min. 14
Cass2 3- 150  230-330  Min_ 40 Jous Min. 810 2001 100 Min 13 Mn 15
1 Mrﬂe ofthres fests Transversaio rdlirg diraciion.
Snge vaue min 70% of specfed average.
e plale hicknesses under 12 fivm subsize Chargy V-spedmens am used The speclad
FririrTarT value is fan ;r-:pa"iaml faiha medmms oS &8 ecinn.
TESTING Brinell hardnass tast EM IS0 8508-1 Each haal Faatmentindiidus
Chapy impac fesi EM 10 045-1 Each heal and fickness =4 o
Tensile festing EM 10 002-1 Each heat and hicness <51 mm
Uimsanic tesling SEL (W2"77 CL3 Each giate in (ficknass 60-150 mm
DELIVERY CONDITION Quanchad and tempared.
DIMENSIONS ARMOX 3707 is supplied in glate fidnasses 3-150 men. More detailed information an dimensions is
pra-.ided in our Ganaal lrdormadon brachura,
TOLERANCES Dirmarnsional temnoes accardng o EN 10029 asshiding thicknas s akrances
= Thicknass olerancas:
Flae thickness Standard By special agresamant
inrem Talerancas inmm Tolerancas n mm
< 13 -0 + 0,8 A2405 o +-04
13« 20 + 10 42408 o 0.5
20= 40 +1,2 42410 o 08
40= @ad + 18 43413 o 0.8
B0« a0 420 43417 o 1,0
80110 +2.4 04420 o 12
110~ 150 43,0 45425 o 15
Oher fhicknass olerancas I]',‘ meﬂ'al agreermzrﬂ.
Dirmensional lderancas 'i'Jr'r.]IMvE with ol edge a:a:rdng 1o speﬁal agfeeﬁem.
Flatnass {oamncas aamrdrg o dass Mar ar:::-:rdng 1o q‘:eu:ial agneen'em.
SURFACE CONDITION Acearding to EM 10 163-2 Class BSubdiass 3.
GENERAL TECHMNICAL Agsordngto EM10 021and EN 10204, Unless ciheraiss agread, inspacion docurmans
DELIVERY COMNDITION araissuadin Engish wilh cafiicatas of 318 fype.
HEAT TREATMENT ARNOX 3T0T may nol be haated above the tempamtme sled balow if guarmesd hardne ss
i% o be manisinad.
Thitknassas mnge Maxhaaing lampamiune
Cass1 3« 20mm 400°C
20« 40mm 500°C
40~ Almm 550°C
Oazs? 3 - 150mm 810°C
Faor frfherinforrmafon on machining, culfing and welding, please ses spacal
Brochume o comad us.
Apgropriate healt and s aftey peecautions musibe laken when waiding, cufling, ginding or ofhersise
n warking an ihe pradud. Grinding, espadally afprirner coaled plales, may produce dust with high paride
WB cancarmraion. Dur Teshnical Cuslormer Sandca Depmmm'll pra-.-ide furfer inforrmadion an rEqutEﬂ.
OXELOSUND
SEAE Oxelisund AB Phane. Fax Tedax
561380 Oxalisund 448 155-254000 +48 155254073 50950 S3AR S




E-167, S5 A8 Cusldeund A, SFMCX s rad amak fof armos pobe manufeoiuned by 354 sl deind AR

41

DATA SHEET 2000-06-06

ARMOX 600T

(ARMOX 600S)

CHEMICAL [ =1 Kin ] 3 Cr HI Mo B

COMPOSITION &K max max max max mas max MaK

{ladle analysls) % 5 % % % % % 5 %
047 0i-07 1.0 0,013 0,005 1.5 30 0.7 0,005

The g2e=l |s grain-refined.

MECHAMNICAL Haroness  Charpy-w —£0mc ¥lek strength® Tenslie strength® Elangation®
PROPERTIES HawW 10x10 test specimen®  Rp 0.2 Nimm? Rm Wimm?* AT
ST0-E40  Min. 12 Jauie Typical 1500 Typical 2000 Typical 7

T average of three t26ts. Transverse ba rolling direction.
Single value min 70% of specified average.

BFar plate thicknesses under 12 mm subslze Charpy V-specimens are used. The specied
mirimum value |s then propartional to the specimens crass-saciion.

3 The valwe wil nat be reported on the Test Cerificate

TESTING Ernell hardnags test EM 120 5505-1 Each neat traatment Ingividual

CHEI'FI}' Im: paci test EM 10 045-1 Eacnh naat ang thickness

Tenslle 1E5I1I‘|E - Mot teslen on 3 regu lar basls.

Uitrasoni: tassing SEL 07277 CL. 3 Each plate In thiciness §0-100 mm
DELIVERY CONDITION Quenched and iempersd.
DIMENSIONS ARMOX 00T Is supplled In plate thicknesses 5—-100 mm. Flate thicknesses = 25 mm are suppdad with

mill ezge or by speclal agreement anly.

TOLERANCES Dimenslenal tolerances according b EM 10 029 excluding Ticknsss folerances
- Trickness iolerances:

Plate thiciness Standard
n mm Taolerances In mm
= 13 -00 =06
13= 20 %+ 0,8
M= 4D 2+ 1.0
40< &0 =14
El= 8D %+ 1,6
EQ- 10D + 2.0

Ciher ihickness tolerances Dy spacial agreement.
Dimensional olerances for plate with mill edge according 1o special agresmant
Flatness tolerances acconding 1o class N or acconding 1o speclal agreemant.

SURFACE CONDITION According to EM 10 163-2 Clase B Subclass 3.

GEMERAL TECHMICAL Accarding ta EM 10 021 ang EN 10 204, Unless otneralse agreed, Inspectian documents
DELIVERY CONDITION are Issued I English wih ceriicatss of 3.18 type.

HEAT TREATMENT ARMCX 00T may not be heateo above 180°C (380°F) ¥ guaranieed hardress |s o b2 malntalnag,
AND FABRICATION Far further Information on machining, culting and weldng, please see speclal

brochure or contact us.
Aporopriate health and saftay precautions mUst be faken whan welding, cutling, grinding or cthenwlss

warking on the product. Grinding, especlally of primer coated plates, may produce dust wiih high
paricle conceniration. Cur Technkeal Customer Service Department will provide surther Information on

request.
OXELOSUND
3348 Oxeltsund AB Phone. Fax Telex
3-612 30 Cweldsund 446 155-25 40 DD =46 155-254073 50950 53A5 5
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The figures below are showing the function o(e) = % fitted to table values of this
+a'e"

function made in Mathematica version 4.0.1.0.
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