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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 
 

• Young’s modulus 
• Compressive modulus 
• Yield function as a function of effective strain  
• Pressure function as a function volumetric strain  
• 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  
 

• The maximum yield stress and the strain when the yield function first reached the 
maximum value 

• The fracture stress and fracture strain during simple extension 
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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.  

 
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. 
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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. 
 

Figure 2.3: Force versus time. 

Figure 2.4: Strain versus time. 
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Figure 2.5: Force versus time. 

Figure 2.6: Strain 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
1,

1
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a

ε ε ε
εσ ε

ε
σ ε
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 (2.1) 

 
where topε  is the maximum point of the yield function also given by 

( ) / 0, topwhenσ ε ε ε ε∂ ∂ = = . It 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 
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1 1
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EEY E a Y
a a

εεσ ε ε ε ε
ε ε

= = = ⇒ = = =
+ +

 (2.2) 

 

 
   

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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( ) 1
1

n

tfn
E TRSTRS a

E Ea
εσ ε ε
ε
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 (2.3) 

 
where tfε  is the calculated fracture strain during simple tension.  

The plastic surface model is assumed to be of the form 
 

( ) ( )
1/ 2 1/ 2

2 23 2 , ,  
2 3

1 1,  ,
3 3

def defmod
m m m m m

ij ij

def def
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e F e S e e
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⎛ ⎞ ⎛ ⎞= = =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

= − = −
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 (2.4) 

 
where mσ  is the familiar equivalent stress ,  is the equivalent strain and F is the flow 
relation. During a simple compression we achieve that 

me

 
22 33 11

22 33 11

0 ,  0,  0,

0 ,  ,  0,
ij

ij

for i j

for i j

σ σ σ σ

ε ε ε ε

= ≠ = = ≤

= ≠ = ≤
 (2.5) 

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

( )

11 11 11 11 22 33 11

11 11 11 22 22 33 11

1 2 1,  
3 3 3

1 12 ,  
3 2

S S S

e e e e

σ σ σ

ε ε ε

= − = = = −

= − + = = −

σ
 (2.6) 

 
This gives when inserting into (2.4) that 
 

11 11,  m me eσ σ= =  (2.7) 

 
Thus unless the material is incompressible the axial stress must be plotted against the reduced 
axial strain  to reveal the plastic yield surface.  11e
 
For a linear elastic material it is easy to derive the following equation 
 

2ij ijS Ge=  (2.8) 

 
Inserting into the definition in (2.4) gives that  
 

1/ 2
23 3

2

def
m m

ijS Gσ ⎛ ⎞= =⎜ ⎟
⎝ ⎠

e  (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 11

mσ σ=  and 11
me e= . 

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

3322

11 11

3322

11 11

,  ( )

,  ( )

def
t

eedef

e e

a

b

εεν
ε ε

εεν
ε ε

= − = −

= − = −

 (2.10) 

 
where the superscript “t” means the total Poisson ratio. Assuming that the volumetric plastic 
deformation is insignificant i.e. p e e

kk kk kk kkε ε ε ε= + = , we further have for a linear elastic 
part when using (2.10a) 
 

( ) ( )
( ) ( ) ( )

11 11 22 33 11 22 33

11 22 33 11 11

3
1 2

3 3 1 2 1 2
1 2

e e e e e e

t t
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σ ε ε ε ε ε ε
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ε ε ε ν ε ν ε
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−

= + + = − = −
−

 (2.11) 

 
 (2.11) can be solved for the total Poisson’s ratio to give the equation 
 

11

11

1 1
2 2

t
E
σν ν
ε

⎛ ⎞= − −⎜ ⎟
⎝ ⎠

 (2.12) 

 
It also follows that 
 

( ) ( ) 11
11 22 33 11 22 112 1 2 1 2t

E
σε ε ε ε ε ε ν ν+ + = + = − = −  (2.13) 

 
Then it follows that 
 

( ) ( ) 11
11 11 11 22 11

1 2 1 2
3 3

e
E

σε ε ε ε ν= − + = − −  (2.14) 

 
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) 

— 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:  

8 1.72

0.600971 ( )
1 1 4.4105 10

,where  is in MPa,  is in TPa,  in µm/m and  and  is nondimensional constants.
( ) reached the  maximum for:

22877 µm/m, 5755 MPa.

The exerimental

n

top top

E
a

E a n

ε εσ ε
ε ε

σ ε
σ ε
ε σ

−= =
+ + ⋅

= =

 values for the average of the fracture point is:

14065 µm/m, 5269 MPa.f fε σ= =

 

 
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) 

 
 
— 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: 

9 1.97

0.634632 ( )
1 1 4.73849 10

,where  is in MPa,  in TPa,  in µm/m and  and  is nondimensional constants.
( ) reached the  maximum for:

17071 µm/m, 5334 MPa.

The experimental 

n

top top

E
a

E a n

ε εσ ε
ε ε

σ ε
σ ε
ε σ

−= =
+ + ⋅

= =

values for the average of the  fracture point is:

13640 µm/m, 5231 MPa.f fε σ= =

 

 
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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3.3 G10 (Kennametal Hertel) 

— 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: 

9 2.04

0.625768 ( )
1 1 2.5677 10

,where  is in MPa,  in TPa,  in µm/m and  and  is nondimensional constants.
( ) has a maximum for:

15946 µm/m, 5087 MPa.

The experimental values f

n

top top

E
a

E a n

ε εσ ε
ε ε

σ ε
σ ε
ε σ

−= =
+ + ⋅

= =

or the average of the  fracture point is:

10382 µm/m, 4628 MPa.f fε σ= =

 

 
For this WC-Co hardmetal we also measured the circumferential strain, εθθ, on 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, εzz, 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 [µm/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 µm/m, we fitted a linear function in the range 0 – 2000 µm/m. This 
gives K=375.7 GPa. Thus the elastic Poisson ration is ( )1/ . 2 / 6 0.22E K− =

— Analytical solution of Eqn. 2.12 ∆ εθθ/εzz for the experiment ▪ Experimental values in Eqn. 2.12  

Figure 3.5: The total Poisson’s ratio (ν) as a function of the longitudinal strain (εzz [µm/m]). 
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3.4 H8N (Sandvik Hard Material) 

— 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: 

10 2.22

0.622831 ( )
1 1 4.26607 10

,where  is in MPa,  in TPa,  in µm/m and  and  is nondimensional constants.
( ) reached the  maximum for:

15199 µm/m, 5202 MPa.

The experimental

n

top top

E
a

E a n

ε εσ ε
ε ε

σ ε
σ ε
ε σ

−= =
+ + ⋅

= =

 values for the average of the fracture point is:

12561 µm/m, 5154 MPa.f fε σ= =
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3.5 H6N (Sandvik Hard Material) 

— 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: 

7 1.45

0.657763 ( )
1 1 8.74275 10

,where  is in MPa,  in TPa,  in µm/m and  and  are nondimensional constants.
( ) reached the maximum for:

26142 µm/m, 5336 MPa.

The average compr

n

top top

E
a

E a n

ε εσ ε
ε ε

σ ε
σ ε
ε σ

−= =
+ + ⋅

= =

essive stress at the fracture point is measured

5080 MPa 
Intersection point between average fracture stress and the function ( ) gives:

 ( ) 16631 µm/m.

f

f

σ
σ ε

ε σ

=

→ =
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3.6 H10N (Sandvik Hard Material) 

— Average of the measurements — Average 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: 

7 1.63

0.591082 ( )
1 1 1.6711 10

,where  is in MPa,  in TPa,  in µm/m and  and  are nondimensional constants.
( ) reached the  maximum for:

19089 µm/m, 4360 MPa.

The average compr

n

top top

E
a

E a n

ε εσ ε
ε ε

σ ε
σ ε
ε σ

−= =
+ + ⋅

= =

essive stress at the fracture point is:

4351 MPa 
Intersection point between average fracture stress and the function ( ) gives:

 ( ) 17544 µm/m.

f

f

σ
σ ε

ε σ

=

→ =
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3.7 G15 (Kennametal Hertel) 

— 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: 

7 1.61

0.584536 ( )
1 1 1.75133 10

,where  is in MPa,  in TPa,  in µm/m and  and  are nondimensional constants.
( ) reached a maximum for:

21380 µm/m, 4735 MPa.

The average compres

n

top top

E
a

E a n

ε εσ ε
ε ε

σ ε
σ ε
ε σ

−= =
+ + ⋅

= =

sive stress at the fracture point is:

4698 MPa 
Intersection point between average fracture stress and the function ( ) gives:

 ( ) 18240 µm/m.
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f

σ
σ ε

ε σ

=

→ =
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3.8 Lot 84, unit no. 24 (Baldonit) 

— Average of the measurements — Average 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: 

7 1.63

0.581745 ( )
1 1 1.58968 10

,where  is in MPa,  in TPa,  in µm/m and  and  are nondimensional constants.
( ) reached a maximum for:

19683 µm/m, 4426 MPa.

The average compres

n

top top

E
a

E a n

ε εσ ε
ε ε

σ ε
σ ε
ε σ

−= =
+ + ⋅

= =

sive stress at the fracture point is:

4323 MPa 
Intersection point between average fracture stress and the function ( ) gives:

( ) 15035 µm/m.

f

f

σ
σ ε

ε σ

=

=
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3.9 Job number: 13900005, Manufacturing source: 945922 (Cime Bocuze) 

— 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: 

7 1.48

0.558617 ( )
1 1 7.13379 10

,where  is in MPa,  in TPa,  in µm/m and  and  are nondimensional constants.
( ) reached a maximum for:

23364 µm/m, 4233 MPa.

The average compres

n

top top

E
a

E a n

ε εσ ε
ε ε

σ ε
σ ε
ε σ

−= =
+ + ⋅

= =

sive stress at the fracture point is:

4206 MPa 
Intersection point between average fracture stress and the function ( ) gives:

( ) 19894 µm/m.
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=

=

 

 
   



 24 

 

3.10 Summary 

 
— KXC  — G10  — H6N  — KMS  — H8N  — Cime Bocuze  — Baldonit  — H10N  — G15 

Figure 3.12: Stress versus strain for all tests. 
 
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 ( )f
o

E d
ε

σ ε ε= ∫ . 

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. 
 

  

Energy [MJ]/m3
Experimental 
Compressive  

Strength [MPa]

Literature 
Compressive 

Strength [MPa]

Experimental
Fracture strain

[ /m m]µ  

Literature 
Young’s 
modulus 

[GPa] 

Experimental
Young’s 
modulus 

[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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Poisson's 

ratio 

Young's 
modulus, E 

[TPa] 

Bulk 
modulus, K 

[TPa] 

Shear 
modulus, G 

[TPa] 
ε11f 

[µm/m] 
ε11top 

[µm/m] 
e11f 

[µm/m] 
e11top 

[µm/m] σ11f [MPa]
σ11top(ε) 
[MPa] 

σ11top(e) 
[MPa] a n a' n' 

G10 0.22  3 0.6258 0.3725 0.2565 10382 15946 8964 13545 4628 5087 5000 2.5677 10-9 2.04 1.26816 10-8 1.92 

KMS 0.22  3 0.6010 0.3577 0.2463 14065 22877 12416 20329 5269 5755 5691 4.4105 10-8 1.72 1.89932 10-7 1.61 

KXC 0.22  3 0.6346 0.3778 0.2601 13640 17071 12696 14946 5231 5334 5289 4.73849 10-9 1.97 2.76399 10-8 1.83 

H8N 0.22 0.6228 0.3707 0.2553 12561 15199 11016  2 12991 5154 5202 5142 4.26607 10-10 2.22 2.85357 10-9 2.07 

H6N 0.21 0.6578 0.3915 0.2696 16631  1 26142 15325 24847 5080 5336 5319 8.74275 10-7 1.45 2.92503 10-6 1.36 

H10N 0.22 0.5911 0.3518 0.2422 17544  1 19089 16170  2 17459 4351 4360 4341 1.6711 10-7 1.63 6.85663 10-7 1.52 

G15 0.22 0.5845 0.3479 0.2396 18240  1 21380 17349 19691 4698 4735 4717 1.75133 10-7 1.61 7.23819 10-7 1.5 

Baldonit 0.22  3 0.5817 0.3463 0.2384 15035  1 19683 13871 17992 4323 4426 4403 1.58968 10-7 1.63 6.55049 10-7 1.52 
Cime 

Bocuze 0.22  3 0.5586 0.3325 0.2289 19894  1 23364 18606 22390 4206 4233 4234 7.13379 10-7 1.48 2.61302 10-6 1.38 
1 – Assumed value for intersection between σ(ε) and σf. 
2 – The value is calculated using equation 2.14, the other values in this column are calculated using the equation for σ(e) → e(σ11f)=e11f

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 '

3( )  and ( )
1 ' 1n

Ge Ee
a e a n

εσ σ ε
ε

=
+

=
+

. If using m/m as the unit of the strain instead of 

µm/m, a and a’ should be multiplied by 106n, and E and G by 106 to give σ 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 
strength 
[MPa] 

Yield 
strain 

[µm/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. 
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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 
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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. 
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4.2 Bulk modulus as a function of the Cobalt content for different particle sizes 
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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 
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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 
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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 
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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
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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 
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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 
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The tensile fracture strain was calculated by using the formula: 1
n

tf
TRS TRSa

E E
ε

⎛ ⎞⎛ ⎞= +⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
, 

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
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4.9 Transverse rupture strength as a function of Cobalt content for different particle 
sizes 

Sandvik Hard Materials - sintered tungsten carbide
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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
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The fracture toughness is depending on the particle size. 

4.11 Compressive strength versus hardness 

Sandvik Hard Materials - sintered tungsten carbides
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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 

 
 
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. 
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4.13 Compressive yield strain and stress versus Cobalt content 
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The compressive yield strain was calculated as shown in section 2. 
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The compressive yield stress was calculated as shown in section 2. 
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4.14 The term a εn as a function of Cobalt content for different strain values 
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The term a εn for the average yield strain, ε(average yield) = 1796 µm/m. 
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The term a εn for the fracture strain, ε(fracture). 
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The term a εn for the strain, ε = 10000 µm/m. 

4.15 σtop and εtop as a function of Cobalt content 
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Strain(top), εtop, is the strain when the function σ(ε) (Equation 2.1) reach the maximum value. 
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Stress(top), σtop, is the stress when the function σ(ε) (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.  
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A APPENDIX 

The following material parameters were used in the analytical theory: 
 

Properties for sintered WC-Co hardmetals 

Product name 

Poisson’
s ratio 

Coercivity, 
Hc 

[Oersted] 
Density 
[g/cm3] wt% Co

TRS 
[N/mm2]

HV30 
[GPa] 

Compressive 
strength [GPa]

Young's 
Modulus 

[GPa] 

Fracture 
toughness 
[MN/m(3/2)] 

Average grain 
size [µm] 

G15 0.22 136 14.55 9.9 2800 13.4 – 14.1 4.5 580 14.2   

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 1.4 - 2.0 

H8N 0.22   14.65 8.5 2400 15.3  5.2 600  13 1.4 - 2.1 

H6N 0.21   15 6 2600 16.9  6.2 630  11 1.4 - 2.2 

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/mm2] · 1.058 · 10-3
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The figures below are showing the function '

3( )
1 ' n

Gee
a e

σ =
+

 fitted to table values of this 

function made in Mathematica version 4.0.1.0.  
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