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Summary

To provide high strain and high strain rate data for new materials it is necessary to develop
new and better testing methods. Indentation offers an attractive method because of ease of
use, low costs, low material consumption and simple manufacturing of samples.

The goal of this work has been to develop a dynamic, hardness-testing device using elastic
waves for loading and elastic wave theory for measurement.

The materials tested are 7075-T6 aluminium, SIS 2541-03 steel and SiAION.

The set-up is similar to a traditional Hopkinson Pressure Bar. A projectile is propelled on to
the transmitter bar by an air gun. The force acting on the indenter diamond and the indenta-
tion depth is calculated using the two strain method for non-uniform bars.

The experiments show that it is possible to measure hardness of metals and ceramics and
fracture toughness of ceramics at higher strain rates with the apparatus. However, no definite
conclusions can be made concerning the hardness of the materials tested. The number of
samples is too small and the method has to be further evaluated.

The calculated permanent indentation depth is, in most cases, lower than the measured per-
manent indentation depth. Otherwise, the curves are correct in the sense that the loading phase
is overlapping for different loads and the indentation is always recovering elastically with a
similar slope when the applied load is declining.
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1 Introduction

To provide high strain and high strain rate data for new materials there is a need to develop
new and better testing methods. Indentation offers an attractive method because of ease of
use, low costs, low material consumption and simple manufacturing of samples. Especially
for brittle materials, that have no tensile plastic strain, indentation is an interesting method.

An important tool in extracting material properties is instrumented indentation, where the
load-displacement curve is recorded during the test. Apart from hardness, and for brittle mate-
rials fracture toughness, indentation can also be used to obtain other elastic and plastic mate-
rials properties as described by Giannokopoulus et al. [1-7] and Milman et al. [8-11]. For fur-
ther examples on instrumented indentation, see Oberg et al. [12] and Zeng et al. [5]. Instru-
mented indentation is required in the universal hardness standard DIN 50359 [13].

In previous work on dynamic hardness, Subhash et al. [14-17] used a Hopkinson bar to pro-
vided the dynamic load but wave theory was not used for force and displacement measure-
ments. The goal of this work has been to develop a dynamic, instrumented hardness-testing
device using elastic waves for loading and elastic wave theory for measurement.
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2 Material

The materials tested are a 7075-T6 aluminium alloy, SIS 2541-03 steel and SiAION contain-
ing 20 vol. % glass phase. The SiAION is designated G20B06 and is described in detail by
Petterson et al. [18]. The samples were approximately &10 by 3 mm and glued to the receiver
bar using thermoplastic glue.

0 =10 mm

Figure 1. Dimensions of the samples.
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3 Dynamic indentation set-up

The set-up is similar to an ordinary SHPB (Split Hopkinson Pressure Bar). A projectile is
propelled on to the transmitter bar by an air gun. The force acting on the indentor diamond
and the indentation depth is calculated using the two-strain method for uniform and non-uni-
form bars developed by Lundberg and Henchoz [19] and Lundberg et al. [20]. The calcula-
tions are described in chapter 4. The sample is connected to a receiver bar long enough to
avoid reflections from its free end during the course of the experiment. Two pairs of strain
gauges are glued to the transmitter bar at cross sections 4 and B and one pair of strain gauges
is glued to the receiver bar at cross section C. The signals are stored on a transient recorder at
a sampling rate of 1 MS/s (sample numbers > 1000) or 10 MS/s (sample numbers < 100).

9_‘)5» E‘gd:B :i:: : \

Figure 2. Set-up: projectile, transmitter bar, indentor, sample and receiver bar and the
cross-sections where the strain is recorded (4, B and C) and evaluated (E).

<— —> <— —>
— —>

O O

Figure 3. Forces acting at the interfaces between the indentor and the sample and the
sample and the receiver bar (P; and P;) and the displacement of the indentor and the
sample back-plane (J; and 9,).
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4 Two-strain method calculations

The two-strain method allows the analysis of overlapping elastic waves. The method is de-
scribed in detail by Lundberg and Henchoz [19] for the case of uniform rods and Lundberg et
al. [20] for non-uniform rods. Below, the solution is limited to constant elastic modulus and
density and thereby constant elastic wave velocity and impedance.

The strain is measured at two points, 4 and B, and evaluated at a third cross-section, £. The
analysis consists of solving time-domain difference equations. In the rod section 4-B-E, the
cross-section is uniform.

A B E
| | | >
X4 XB XE

Figure 4. Uniform rod with three cross-sections 4, B and E. The strain is measured in
cross-sections 4 and B and evaluated in cross-section E [19].

The measured strains ¢, and &, relates to the strain waves in cross-section £ travelling in the

positive direction &, and negative direction &, and the total strain &, as:

gg(t)ZgA(t_TAE)_gB(t+TBE_2TAE)+511;“)(Z_2TAB) (1)
gg(t)zgg(t"'TBE)_gA(t_TAE+2TBE)+5g(t_2TAB) (2)
e,W)=¢,t-T,;)—¢,t-T, +2T,;) 3)
_gB(t+TBE_2TAE)+EB(I+TBE)+8E(t_2TAB)
Where

X, —X X, —X X, —X
TAB B "4 TAE —TE "4 TBE —TE "B (4)

C C C

In equation 4 ¢ = ,/E/p is the elastic wave speed and the x-coordinates are defined according

to figure 4. Preferably, the times 745, T4r and Tpr should be a multiple integer of the sampling
step AT.

10
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To get the force multiply the cross-section area by the elastic modulus and the strain:

P=AF¢
P()= P, (t~T,) ~ Py (1 + Ty, —2T )+ PL (6~ 2T,) )
PY(t)= Py (t+Tp) = P, (t =Ty +2Ty) + PY (¢~ 2T,,) ©)
Pe(®)=P,(t=Typ) =P (t =T, +2Ty) )
=Py (14 Ty =2T,p) + Py (t + Tpp) + Py (1 =27 )
The particle velocity at cross-section E is then given by:
VO = =T+ [P0 P =21, 428, - T,y)] ®

E
Where Zp is the characteristic impedance of the rod at cross-section E.

To be able to measure force and particle speed at the diamond interface, the non-uniform part
of the rod, figure 2 and figure 3, has to be taken into account. The characteristic impedance of
the rod is replaced by a piece-wise constant characteristic impedance Z; for each piece,
figure 5, with length Ax; and transfer time 7;. The length of each piece Ax; should be a
multiple integer, m, of the elastic wave speed c times the sampling step AT.

ij
T, =— Ax; = mcAT ©)

>

w

Characteristic impedance Z

>

X

Figure 5. An example of the methodology, the characteristic impedance of the rod is
replaced by a piece-wise constant characteristic impedance [20].

11
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For each consecutive step Ax; located between cross-section £ and the indentor the force and
velocity is calculated as:

P w=2p a1y BTl e T v ) (10)

v,(6)=— [ll(t+T)+vjl(t T)]+ [P L(t+T)=P (t-T))] (11)

./
Where Z; is the piece-wise constant characteristic impedance of the bar in the section.
The motion of the indentor can be calculated as the time integral of the velocity:
5 (0= (t) = &)= [v @t (12)
0

But since the sample is glued to the receiver bar and the receiver bar is elastically deformed
the velocity and motion of the back-plane has to be calculated:

52(1‘)=Vc(t_T2C):‘9c(t ZC)C fe (; EZC)

_[PC(t_TIC) (13)

0

0,(t)=
» (1) ALE

Where ¢c is the strain at cross section C, c is the elastic wave speed, Pc is the force at cross
section C, A, is the cross section area of the receiver bar, E is the elastic modulus of the bar
and Tc is the transfer time from the indentor to cross-section C:

I = (14)
c
Finally the indentation velocity, & , and indentation depth, &, can be calculated as:
5()=6,t)-6,()=v, ) =v.(t=T,.)=v, (t) - (—Tlc)c 15
B! 2 - C lC - 1 A E ( )
5(t)=35, ()-8, (t)= [v, () —vc(e =T )de = [v, ~ T )dt (16)
0 0

12
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5 Experimental

5.1 Calculations of hardness and fracture toughness

The Vickers hardness is calculated as the mean contact pressure, i.e. load divided by projected
area:

P P

HV =—=—
A 2a

(17)

Where P is the load and a is half the length of the diagonal of the square impression.

In the experiments using a steel cone with a top angle of 110° the hardness was also calcu-
lated as the mean contact pressure:

P

HSC=£=—2
A nd’/4

(18)

Where d is the diameter of the circular indentation. The maximum force measured at cross-
section C, marked in figure 2, was used for the hardness calculations equation 17.

N AN

Figure 6. Vickers indentor. The indentor is Figure 7. Cone shaped steel indentor. The
pyramid shaped with a top angle of 136°. indentor has a top angle of 110°.

To avoid border effects the thickness of the sample should be at least 10 times thicker than the
indentation depth [13, 21]. This condition does only apply to the samples indented with the
Vickers indentor.

13
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For brittle materials, modus I fracture toughness, K;¢, can be calculated according to Anstis et

al. [22]:
[E P
K, =0.016 T (19)

Where E is the Young modulus, HV is Vickers hardness according to equation 17, P is the
load and c is the crack length from the impression centre, figure 8. The crack length used in
equation 19 is the average of all four cracks originating from the indentation. The crack length
1s measured using a light optical microscope. The maximum force measured at cross-section
C, marked in figure 2, was used for the fracture toughness, equation 19, calculations.

< >
2c

Figure 8. Crack length.

5.2 Results

A summary of the results regarding hardness from experiments using a Vickers indentor are
shown in table 1 and figure 9-11 and regarding load-indentation curves in figure 13-16 and
complete results are available in Appendix I (hardness and fracture toughness), Appendix II
(load-indentation curves) and Appendix III (pictures of indentations). A summary of the
experiments using a conical steel indentor is included in figure 9 and complete results are
available in Appendix I (hardness) and Appendix II (load-indentation curves).

Quasistatic hardness and fracture toughness were measured or found in literature. It should be
pointed out that in all cases the samples used for quasistatic and dynamic tests are the same.

Table 1. Comparison of quasistatic and dynamic indentation experiments.

Material HV[GPa] Std.Dev. K;c[MPam'?] Std. Dev.
Quasistatic 1.21 0.02 - -

Al 7075-T6
Dynamic 1.35 0.06 — —
Quasistatic 3.75 0.11 - -

SIS 2541-03
Dynamic 3.62 0.07 — —
Quasistatic [18] 15.8 - 53 -

SiAION G20B06 [18]

Dynamic 15.6 0.2 8.4 0.4

14
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In figure 9 all the results from experiments on 7075-T6 aluminium are plotted as hardness
against load. Apparently, in the case of the samples indented by a steel cone, the hardness is
decreasing with increasing force. As mentioned above, in these experiments the indentation
depth was more than 1/10 of the sample thickness, thereby not giving them a proper hardness
value. The results from the quasistatic (B) and dynamic (A) experiments with the Vickers
indentor are included in figure 9 as comparison.

1.6

14 4
=12 ™ L A S .
Sy oty
208
20.6 # A17075 - Dynamic Cone

0.4 A A17075 - Dynamic Vickers

0.2 W Al 7075 - QS Vickers I

0 J
0 5000 10000 15000

Force [N]

Figure 9. All tests performed on 7075-T6 aluminium alloy.

4 m
A
1 7Y A
= 3
&
€25
£ 2
£1.5
1 A SIS 2541-03 Dynamic Vickers ||
0.5 u S‘IS 2541-03 QS \‘/ickers
0 [ [
0 500 1000 1500 2000
Force [N]

Figure 10. All tests performed on SIS 2541-03 steel.

15



FOI-R--0447--SE

18
16 ® A A
_14
12
210
T8
"6
4 A SiAION Dynamic Vickers ||
2 M SiAION QS Vickers M
I
0 T
0 1000 2000 3000 4000

Force [N]

Figure 11. All tests performed on SiAION.

Velocity [m/s]

Figure 12. Indentation velocity during indentation of SiAION.

Figure 12 shows the indentation velocity, o, as described in equation 16, during indentation of
SiAION. The maximum velocity is about 2 m/s and decreases to 0 m/s after approximately
150 pm.

Calculations of load-indentation curves are found in chapter 4. Below, figure 13-16, there is a
summary of all the load-indentation curves. Especially in the case of aluminium being in-
dented by a steel cone, were 10 experiments are presented, it is clear that both loading and
unloading phases are similar for all loads. Complete results are found in Appendix II.

16
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J 2000 -y ' ]
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Indentation depth [um] Indentation depth [um]
Figure 13. Load-indentation curves. Figure 14. Load-indentation curves.
Samples made of 7075-T6 aluminium Samples made of 7075-T6 aluminium
indented by a Vickers indentor, top angle indented by a steel cone with a top angle of
136°. 110°.
1800 : 47771777F77+77717771777¥77+ 3500——6:5579—77717777‘f777ﬁ‘777717777‘+77”
1600 R - b | |
| | | 3000 ! !
1400 l - l l
| | | 2500 | |
1200 — - L -1~ [ ! : :
Z 1000 gzooo :
g S e § 1500 |
600 :
1000 !
400F - - L -1
200 500
0 20 40 60 8‘0 100 1‘20 " 140 160 180
Indentation depth [pm] Indentation depth [um]
Figure 15. Load-indentation curves. Figure 16. Load-indentation curves.
Samples made of SIS 2541-03 steel indented  Samples made of SIAION indented by a
by a Vickers indentor, top angle 136°. Vickers indentor, top angle 136°.

17
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6 Discussion

6.1 Hardness

Since the analysis of the indentation process assumes quasistatic equilibrium it is important to
make sure that this is valid. The sample has diameter of 10 mm and a thickness of 3 mm,
thereby making the largest round-trip distance from the loaded centre to the edge 10 mm. The
samples are loaded for approximately 200 us, assuming the indentation depth does not grow
when the load is declining. For aluminium and steel, the elastic wave speed is approximately
5000 m/s and for SiAION the elastic wave speed is significantly higher. The number of
round-trips that an elastic wave will make during the experiment is 5000 m/s*200 ps/10 mm
= 100. The high number of round-trips makes sure that the system can be considered as in
quasistatic equilibrium.

The experiments show that it is possible to measure hardness at higher strain rates with a
SHPB apparatus. However, no definite conclusions can be made concerning the hardness of
the materials tested. The number of samples is too small and the method has to be further
developed and evaluated.

In the case of aluminium samples dynamically indented by a steel cone is it clear that the
sample dimensions are too small. This is manifested by the loss of hardness at increasing
loads.

6.2 Fracture toughness

Modus I fracture toughness, K;c, presumes that the crack can be described with linear elastic
fracture mechanics (LEFM). In brittle materials, like SiAION, with low ductility and high
yield stress, this is possible since the tensile plastic deformation can be neglected. Since the
experiments here presented are dynamic it is necessary to make sure that the velocity of the
crack propagation is not the limiting factor, i.e. the measured crack propagation velocity must
be lower than the maximal possible crack propagation velocity. In the presented experiments,
the cracks measure less than 1 mm and the load is applied for 200 ps, assuming no cracking
occurs when the load is declining. This gives a measured crack propagation velocity of
1 mm/200 pus = 5 m/s. This means that the crack propagation is not a limiting factor since
5 m/s is orders of magnitude lower than the maximum crack propagation velocity.

The influence on the experimental results from stress waves in the sample also needs to be
evaluated. The loading velocity during the experiments was, as highest, 2 m/s, and based on
this low loading velocity it is assumed that the influence from stress waves in the sample can
be neglected.

The experiments show that it is possible to measure fracture toughness of brittle materials at
higher strain rates with a SHPB apparatus. However, based on a small number of samples, no
conclusions about the fracture toughness of the SIAION ceramic can be made. The number of
samples is too small and it is possible that the length of the cracks was underestimated due to
limitations of the light optical microscope.

6.3 Load-indentation depth

As seen in Appendix II the calculated permanent indentation depth is, in most cases, lower
than the measured permanent indentation depth. Otherwise, the curves are correct in the sense

18
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that the loading phase is overlapping for different loads and the indentation is always recov-
ering elastically with a similar slope when the applied load is declining. There are several
possible reasons why the calculations underestimate the indentation. An obvious source of
error that is ignored in the model of the set-up is the threaded interface connecting the trans-
mitter bar and the diamond indentor. The interface does not disturb the elastic wave propaga-
tion under pressure but it may disturb the propagation in tension. The interface may thereby
act as a mechanism, trapping the wave in the indentor portion of the bar. Another source of
error is the precision of establishing the distances between the cross-sections 4 and B and
errors in the variations in characteristic impedance. An additional source of error is that the
elastic deformation of the indentor is not taken into account.

19
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7 Conclusions

The experiments show that it is possible to measure hardness and fracture toughness at higher
strain rates with a SHPB apparatus.

The calculated permanent indentation depth is, in most cases, lower than the measured per-
manent indentation depth. Otherwise, the curves are correct in the sense that the loading phase
is overlapping for different loads and the indentation is always recovering elastically with a
similar slope when the applied load is declining.

Further work must focus on the underestimation of the indentation depth. In the continuation
of the work, bars with smaller diameter should be used and the threaded interface between the
transmitter bar and the indentor head should be eliminated.

20
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Appendix I. Hardness and fracture toughness results

Table 2. Results from quasistatic hardness experiments on 7075-T6 aluminium indented
by a Vickers indentor.

P[N] 2a[mm] HV[GPa]

98 0.4079 1.18
98 0.4039 1.20
98 0.4012 1.22
98 0.4010 1.22
98 0.4014 1.22

Average: 1.21

Std. Dev.: 0.02

Table 3. Results from dynamic hardness experiments on 7075-T6 aluminium indented
by a Vickers indentor.

Sample P [N] 2a[mm)] o0 [mm] HV [GPa]

3564 1701 1.622 0.328 1.29
50 562 0.886 0.179 1.43
53 1266 1.382 0.279 1.33
56 804 1.097 0.222 1.34

Average: 1.35

Std Dev: 0.06

21
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Table 4. Results from dynamic hardness experiments with samples made of 7075-T6
aluminium indented by a steel cone with a top angle of 110°.

Sample  d[mm)] O [mm] P[N]  HSC|[GPa]

3152 3,930 1.376 13111 1.08
3158 3,252 1.139 9333 1.12
3466 3,580 1.253 10503 1.04
3475 3,815 1.336 11550 1.01
3481 2,782 0.974 7077 1.16
3507 4,441 1.555 14211 0.92
3510 3,232 1.131 8269 1.01
3513 3,363 1.178 8776 0.99
3547 2,083 0.729 3928 1.15
3550 2,255 0.789 4772 1.19

Table 5. Results from quasistatic hardness experiments on SIS 2541-03 steel indented by
a Vickers indentor.

P[N] 2a[mm] HV[GPa]

98 0.2285 3.76

98 0.2229 3.94

98 0.2330 3.61

98 0.2283 3.76

98 0.2299 3.74

98 0.2300 3.71

Average: 3.75

Std. Dev.: 0.11

22
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Table 6. Results from dynamic hardness experiments on SIS 2541-03 steel indented by a
Vickers indentor.

Sample P [N] 2a[mm] o [mm] HV[GPa]

29 1264 0.8445 0.171 3.55
32 1320 0.8574 0.173 3.59
35 1256 0.8227 0.166 3.71
38 1786 0.9995 0.202 3.58
44 1686 0.9573 0.193 3.68

Average: 3.62

Std. Dev.: 0.07

Table 7. Results from dynamic hardness experiments on SiAION indented by a Vickers
indentor.

Sample P [N] 2a[mm] & [mm] c¢[mm] HV[GPa] Kjc[MPam'"?]

3579 3455 0.662 0.134 0.9189 15.76 8.66

3582 2775 0.598 0.121 0.8361 15.52 8.07
Average: 15.64 8.37
Std. Dev.: 0.2 0.4

23
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Appendix I1I. Load-indentation curves

Load [N]

Indentation depth [pm]

Figure 17. Load-indentation curves. All samples made of 7075-T6 aluminium indented
by a Vickers indentor, top angle 136°.

Load [N]

800
Indentation depth [pm]

Figure 18. Load-indentation curves. All samples made of 7075-T6 aluminium indented
by a steel cone with a top angle of 110°.

24
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Figure 19. Load-indentation curves. All samples made of SIS 2541-03 steel indented by a
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Figure 20. Load-indentation curves. All samples made of SiAION indented by a Vickers
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dentor, top angle 136°.
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Figure 21. Load-indentation curve. Figure 22. Load-indentation curve.
Sample 50, 7075-T6 aluminium indented by Sample 53, 7075-T6 aluminium indented by
a Vickers indentor. a Vickers indentor.
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Figure 23. Load-indentation curve. Figure 24. Load-indentation curve.
Sample 56, 7075-T6 aluminium indented by Sample 3564, 7075-T6 aluminium indented
a Vickers indentor. by a Vickers indentor.
120004— 3152 ' ' F 777777 1 900‘7— 3158 ‘ ‘ FT**** -
4 Measured perma‘nent indentation depth ! ‘T a000 L !7 Eﬂefsijridfefnfnfnlln'lliejtitlin i:iegtll | L 4 L |
| | | | | | | |
10000 = == - ==~~~ I G 1 7000~~~ — e -
: | : 6000 — — — — L,,,,L,,,,L,,, L,,,,L,,,,
., 8000 — == == === ====—~ t-—————== H —_ | | I I I
Z : : : £.5000- — — —— Fee—re—r AT rF--
® 6000k - - - — ____ [ A B 11 B | | | | |
2 : : : S0 T S S B
4000p — -~ —— -~ S ] 4 3000~~~ — oSt r -
‘ : : 20001 — IS V- N NRSY BN
2000 — — — — — — £ o ____1________ 1 | | | | |
| | | | | | | |
I I I 1000 —-—--p - - -—--—r-~---7--~--7~-~-—7
S e L P 0 L L . L I__o
0 500 1000 1500 0 200 400 600 800 1000
Indentation depth [um] Indentation depth [pm]
Figure 25. Load-indentation curve. Figure 26. Load-indentation curve.
Sample 3152, 7075-T6 aluminium indented Sample 3158, 7075-T6 aluminium indented
by a steel cone. by a steel cone.
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Figure 27. Load-indentation curve.
Sample 3466, 7075-T6 aluminium indented Sample 3475, 7075-T6 aluminium indented

by a steel cone.
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Figure 29. Load-indentation curve.
Sample 3481, 7075-T6 aluminium indented Sample 3507, 7075-T6 aluminium indented

by a steel cone.
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Figure 31. Load-indentation curve.
Sample 3510, 7075-T6 aluminium indented Sample 3513, 7075-T6 aluminium indented

by a steel cone.
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Figure 28. Load-indentation curve.

by a steel cone.
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Figure 30. Load-indentation curve.

by a steel cone.
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Figure 32. Load-indentation curve.

by a steel cone.

27



FOI-R--0447--SE

J—3547 _ _ L\ | | 4500<‘—3550 _ _ ’>77\7 4
35001 4 M‘easured p?rmanent |‘ndentat|or‘1 depth ! _ ,: R ,: _ ¢ Measured ‘permaner‘n |ndenta‘t|0n dept}T : : :
I I I I I B e B e e e o G R i o
3000 - - o - __a1_ I I I I I I I I
| I 3500 ——————+—————A——— - — 4+ - — -
B I R ] mool -t _a__ )i
— | | — | | | | | | | |
= I I Z I I I I I I I I
e I e S T R S T
R e N E S S N S e I ph A e Y R
o ol -t
1000 — — == — — = 1= f'— 1= — — — ———— === I I | I I I I I
| | 1000 ———A———+ - - ——d4———+———lf —— 4 - — —H
500 /- S sool oA
| | | | | | | | |
0 e ] N7 N T S OOV S BN
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700 800
Indentation depth [um] Indentation depth [um]
Figure 33. Load-indentation curve. Figure 34. Load-indentation curve.
Sample 3547, 7075-T6 aluminium indented Sample 3550, 7075-T6 aluminium indented
by a steel cone. by a steel cone.
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Figure 35. Load-indentation curve. Figure 36. Load-indentation curve.
Sample 29, SIS 2541-03 steel indented by a  Sample 32, SIS 2541-03 steel indented by a
Vickers indentor. Vickers indentor.
‘ 1800 o ——
1200‘{ 7 :/ISeasureq perman?nt inden‘tation de‘pth }> ‘ ‘ ‘ 1600 J 7‘%seasu‘red pen‘*nanent‘ indent?tion de‘pth LL _ 73 : e J( B
1000 1400 | | | | l
|
a0 1200 ‘
5 51000
b B 80
S S
400 600
400
200
200
0 0
0 20 40 60 80 100 120 140 160 0 20 0 60 80 00 12 0 60 80 200
Indentation depth [um] Indentation depth [pm]
Figure 37. Load-indentation curve. Figure 38. Load-indentation curve.
Sample 35, SIS 2541-03 steel indented by a Sample 38, SIS 2541-03 steel indented by a
Vickers indentor. Vickers indentor.
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Figure 39. Load-indentation curve.
Sample 44, SIS 2541-03 steel indented by a
Vickers indentor.
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Figure 40. Load-indentation curve. Figure 41. Load-indentation curve.
Sample 3579, SiAION indented by a Sample 3582, SiAION indented by a
Vickers indentor. Vickers indentor.

29



FOI-R--0447--SE

Figure 43. 7075-T6 aluminium,
sample 3564.

Figure 44. SIS 2541-03 steel, sample 29. Figure 45. SIS 2541-03 steel, sample 32.
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Figure 46. SIAION G20B06 [18], Figure 47. SiAION G20B06 [18],
sample 3579. sample 3579.
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