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Abstract

A short study was undertaken to see if the ballistic performance of ¥4” RHA steel plates can vary
from batch-to-batch. Several random samples from the DRDC Valcartier stock were tested in a
V50 test using a 5.56-mm Bofors armour piercing round. Small but statistically significant
variations in the V50 were found even though all the samples were within the accepted standards
for RHA.

Résumé

Une investigation courte a été entreprise a voir si la performance balistique d’un acier de blindage
(RHA) Y de pouce d’épaisseur peut varier de lot a lot. Des échantillons choisis au hasard du
stock du RDDC Valcartier ont été testées pour leur V50 contre une balle 5.56 mm Bofors AP. De
petites, mais statistiquement significatives, variations ont ét¢ observées malgré le fait que tous les
échantillons respectaient les normes pour le RHA.
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Executive summary

RHA steel variations and their effects on ballistic protection:

Grant W.J. Mcintosh; DRDC Valcartier TM 2011-533; Defence R&D Canada —
Valcartier; April 2012.

Introduction or background: From time to time, a question arises as to whether or not
variations in RHA steel characteristics have an effect on its performance in actual use. Variations
in the properties are expected and indeed are allowed by the RHA mil standard MIL-A-12560H
(MR). A short study was undertaken to see if the ballistic performance of %4” RHA steel plates
can vary from batch-to-batch. Several random samples from the DRDC Valcartier stock were
tested in a V50 test using a 5.56-mm Bofors armour piercing round.

Results: Small but statistically significant variations in the V50 were found even though all the
samples were within the accepted standards for RHA.

Significance: Any critical applications using RHA may require more extensive testing for each
RHA plate used.

Future plans: No future work is envisaged other than reminding armor designers that critical
designs require more precise data.
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Sommaire

RHA steel variations and their effects on ballistic protection:

Grant W.J. Mcintosh ; DRDC Valcartier TM 2011-533 ; R & D pour la défense
Canada — Valcartier; avril 2012.

Introduction ou contexte : De temps en temps, on pose la question si les variations dans les
propretés d’acier RHA peuvent changer la performance balistique dans une application pratique.
Des variations sont anticipées et sont méme permises par les normes militaires MIL-A-12560H
(MR). Une étude courte a été entreprise pour voir si la performance balistique des plaques d’acier
RHA Vi de pouce d’épaisseur peut varier de lot a lot. Plusieurs échantillons de RHA choisis au
hasard du stock de RDDC Valcartier ont été testés pour leur V50 en utilisant une balle 5.56mm
Bofors AP.

Résultats : De petites mais statistiquement significatives variations dans la V50 ont été observées
malgré le fait que les échantillons respectaient les normes pour le RHA.

Importance : Une application critique qui utilise un acier RHA peut nécessiter une évaluation
plus poussée de chaque plaque de RHA utilisée.

Perspectives : Aucun travail futur n’est prévu a part d’un rappel aux ingénieurs en blindage
qu’une conception critique exige des données plus précises
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1 Introduction

From time to time, a question arises as to whether or not variations in RHA steel characteristics
have an effect on its performance in actual use. Variations in the properties are expected and
indeed are allowed by the RHA mil standard MIL-A-12560H (MR). For example, for a %4” thick
RHA plate, the Brinell hardness can vary between 341 and 388. For the same plate, the only
specified ballistic limit (for a 0.30 calibre AP round) is a minimum value of is 486.5 m/s, a higher
limit implicitly being acceptable (except for class 3 armour for use in the proof and acceptance
testing of armor defeating ammunition where a maximum of 43 m/s over the minimum limit is
allowed). Under normal engineering conditions, there is usually enough over-design that such
variations can be tolerated. Within a research environment, precise measurements of armour
performance can be made but any observed differences may or may not be really due to variations
in the steel properties from lot to lot. In this small study, several RHA samples chosen at random
from DRDC Valcartier’s stock were tested both for hardness and then V50 performance. The
results are then analysed to see if any observed variations are real, at least in a statistical sense.
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2 Experimental setup

A total of 17 samples of RHA steel armour plates were chosen at random from DRDC
Valcartier’s stockpile of RHA armour and tested for hardness using a Brinell tester. The samples
were then tested using a Bofors 5.56 mm armour piercing round (M995) to determine the V50.
The bullets impacted normally on the plates and partial (P) or complete (C) perforations were
noted. The velocity of impact was varied so that three partial and 3 complete perforations were
obtained within a 40 m/s range. The experimental arrangement is shown in Figure 1.

Figure 1 Setup for a test showing the gun (left), time-of-flight velocity probes and sample to be
tested with a witness plate (right)
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3 Results and Discussion

The results of all the hardness and ballistic impact tests are given in Tablel. Each shot is
summarised with a plate number, the 5.56mm AP round impact velocity, the observation of
complete perforation or partial/no perforation, the black powder charge loaded to give the
velocity observed and the plate hardness.

Powder
Plate Shot number Impact C(()(I;l)p;:te charge Hardness
number velocity(m/s) Partial (P) (grains) (Brinell)
perforation
D1 1 538 C 10 341 BHN
2 533.9 P 9.9
3 546.5 C 9.9
4 462 P ?
5 496 P 10
6 549.7 C 10.4
7 529.7 P 10.2
8 562.7 C 10.2
9 453.9 P 10.1
10 522 P 10.2
D2 1 460.5 P 10.2 341 BHN
2 527.2 P 10.2
3 478 P 10.2
4 570 C 10.4
5 648 C 10.5
6 483 P 8.44
7 587.7 C 9
8 502 P 8.8
9 531.9 P 8.8
10 530.7 P 8.9
11 565.9 C 8.96
12 534.4 P 8.94
13 545.3 C 8.96
14 540.1 C 8.96
El 1 542.9 C 8.96 341 BHN
2 469 P 8.96
DRDC Valcartier TM 2011-533 3




3 549.3 C 8.96
4 581 C 8.96
5 529.7 P 8.94
6 570.9 C 8.94
7 537.5 P 8.92
8 517.4 P 8.92
9 570 C 8.96
10 547.2 C 8.94
E2 1 529.6 P 8.96 341 BHN
2 514.2 P 8.96
3 542.1 P 9
4 555.6 C 9.02
5 567 C 9.02
6 543.6 C 9.02
7 538 P 8.98
G1 1 558.7 C 8.5 341 BHN
2 547.6 C 8.42
3 539.5 C 8.36
4 538.3 C 8.32
5 536.2 P 8.22
6 534.8 P 8.18
7 538.4 P 8.2
G2 1 539.1 C 8.96 341 BHN
2 562.5 C 8.96
3 576.3 C 8.92
4 576.2 C 8.9
5 497.6 P 8.86
6 488.9 P 8.92
7 555 C 8.96
8 550.1 C 8.94
9 555.9 C 8.92
10 574.5 C 8.88
11 541.7 C 8.8
12 496.9 P 8.78
13 545.4 C 8.78
14 537.9 P 8.78
15 545.9 C 8.78
16 549 C 8.76
17 553.4 C 8.74
18 560.4 C 8.74
19 554.5 C 8.7
20 531.9 P 8.6
21 555 C 8.6
22 552 C 8.5
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23 523.8 P 8.54
H1 1 510.9 P 8.6 380 BHN
2 530.3 P 8.7
3 542 P 8.8
4 552.3 C 8.8
5 545.8 P 8.8
6 560.2 C 8.8
7 561.8 C 8.8
8 555.4 C 8.7
H2 1 550.3 P 8.54 388 BHN
2 542.3 P 8.54
3 543.2 P 8.56
4 545.2 P 8.6
5 530.2 P 8.66
6 559.8 C 8.8
7 557 C 8.8
8 528.4 P 8.84
9 576.3 C 8.84
10 545.6 P 8.8
11 549.1 P 8.82
12 558.5 C 8.84
11 1 571.7 C 8.7 341 BHN
2 545.3 C 8.6
3 543.3 C 8.5
4 411 P 8.44
5 546.7 C 8.5
6 542.5 C 8.46
7 533 P 8.44
8 546 C 8.44
9 521.9 P 8.4
10 531.8 P 8.42
12 1 541.9 P 8.44 343 BHN
2 534.6 P 8.44
3 541 P 8.46
4 541.2 C 8.48
5 549.4 C 8.5
6 532 P 8.5
7 550.9 C 8.54
J1 1 518.7 P 8.84 395 BHN
2 558.8 C 8.92
3 557.86 C 8.9
4 543.7 P 8.82
5 526.7 P 8.82
6 572.2 C 8.8
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7 565.6 C 8.82
8 564.5 C 8.74
9 563 C 8.7
10 545.1 P 8.6
11 556.1 C 8.6
12 544.9 P 8.6
J2 1 563.7 C 8.6 388 BHN
2 526.7 P 8.6
3 559.5 C 8.62
4 529.4 P 8.6
5 559.9 C 8.62
6 558.7 C 8.6
7 576.6 C 8.58
8 559.7 C 8.54
9 543.5 P 8.5
10 521.1 P 8.5
11 544.7 P 8.52
12 541.3 P 8.52
K1 1 541.2 P 8.4 341 BHN
2 519.9 P 8.5
3 558.5 P 8.56
4 557.2 P 8.56
5 566.3 C 8.6
6 560.8 C 8.6
7 563.3 C 8.62
K2 1 538.2 P 8.5 341 BHN
2 558.6 C 8.6
3 530.3 P 8.56
4 548.8 P 8.5
5 538.6 P 8.6
6 554.4 P 8.7
7 555.8 C 8.76
8 572.8 C 8.8
L1 1 533.6 P 8.52 356 BHN
2 563.2 P 8.56
3 566.1 P 8.56
4 549.3 P 8.6
5 551 P 8.62
6 526.8 P 8.66
7 563 P 8.7
8 550.7 P 8.74
9 554.6 P 8.8
10 565.8 C 8.86
11 572.3 C 8.9
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12 558 P 8.9
13 568.9 C 8.92
M1 1 558.5 C 8.72 347 BHN
2 545.4 P 8.7
3 550.3 P 8.72
4 559.8 C 8.74
5 558.5 C 8.7
6 490 P 8.66
7 555.5 P 8.7
N1 1 536.6 P 8.7 341 BHN
2 564.79 C 8.72
3 510.2 P 8.7
4 560.6 C 8.7
5 570.6 C 8.7
6 574.9 C 8.66
7 549.8 C 8.6
8 566.2 C 8.62
9 566.8 C 8.56
10 555.4 C 8.5
11 547.5 C 8.5
12 550.8 C 8.46
13 556.7 C 8.42
14 562.7 C 8.34
15 538.2 C 8.2
16 524.7 P 8.14
17 508.1 P 8.14
18 544.4 C 8.16
19 508.4 P 8.14
20 529.8 C 8.16

Table 1: Results of all the shots

The results from Table 1 can be analysed in a simple fashion. For each series of tests, the three
lowest C values and the three highest P values are averaged to generate the V50 average and
standard deviation. The variation of impact velocities used was such that the difference between
the highest and lowest of the 6 values averaged was less than 40 m/s since STANAG 2920
specifies 3 pass / 3 fail within this limit. The final results are shown in Table 2. As a first try at
understanding the results, the V50 versus hardness was plotted and shown in Figure 2. There is no
obvious correlation.
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Plate number Brinell hardness V50 (m/s) (with a standard
deviation)
D1 341 536.6 +/- 10.4
D2 341 541.4 +/- 13.2
E1l 341 537.2+/- 12.1
E2 341 545.9 +/- 13.3
Gl 341 539.1+/- 4.5
G2 341 536.6 +/- 7.7
H1 380 547.6 +/- 10.7
H2 388 553.4+/- 5.8
11 341 536.3+/- 9.0
12 343 543.2 +/- 6.0
J1 395 551.1+/- 7.2
12 388 551.2 +/- 8.9
K1 341 557.9 +/- 8.8
K2 341 554.8 +/- 11.3
L1 356 566.6 +/- 3.6
M1 347 554.7 +/- 5.7
N1 341 530.7 +/- 12.1

Table 2 : Summary of Hardnesses and V50’s
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Figure 2 V50 as a function of Brinell hardness (data from Table 2)

Since all the samples fall or nearly fall within the RHA hardness range specified by the mil
standard, it is assumed they are representative of the variations one would expect to find from lot
to lot. The V50’s that were measured are then compared to see if they are statistically different or
not. This was done using Student’s t-test (Ref. 1) which evaluates the probability that two values
are the same. A matrix of comparisons was set up and is presented in Table 3. For example, the P
value between the V50’s observed in trials N1 and L1 is less than 0.000 whereas for trials G1 and
D2 it is 0.69, a P value less than 0.05 suggesting a statistically significant difference. The actual
differences in V50 are small (less than 7%). In a number of cases, the small differences are indeed
statistically significant.
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DI D2 El E2 Gl G2 HI | H2 |n 2 J 2 KI | K2 |Ll Ml N1
DI | X
D2 |05 X
El | 0.92 059 | X
E2 | 021 057 | 027 X
Gl | 0.72 069 | 074 0.26 X
G2 | 1.0 046 | 091 0.17 0.49 X
HI | 0.1 039 | 0.5 0.81 0.10 0068 | X
H2 | 0.006 | 0.069 | 0.015 | 0.23 0001 | 0002 |027 |X
1 |09 045 | 0.87 0.17 0.51 0.95 0.076 | 0.003 | X
2 | o021 077 | 031 0.66 0.21 0.13 040 | 0013 | 015 | X
JU 0019 | 015 | 0037 | 042 0.006 | 0.007 | 052 | 056 |0.010 |0.066|X
1200026 | 016 | 0047 | 044 0014 | 0012 | 054 | 062 | 0016 |0098 098 |X
KI | 0.003 | 0029 | 0007 |0095 | 0000 |0001 |0099 |032 |0002 |0007]|017 |022 |X
K2 | 0016 | 0.088 | 0027 | 024 0.010 | 0009 | 028 |079 |0011 |0051 |05 |05 |06 |X
L1 | 0.000 | 0001 | 0000 |0.004 | 0000 |0000 |0.002 /0001 |0.000 | 0000|000l |0.003]|0.049 | 0.035 | X
M1 | 0.004 | 0.047 | 0001 | 0.17 0.000 | 0.001 | 018 | 070 |0.0017 | 0007 | 0.36 | 044 | 0.47 | 098 | 0002 | X
NI | 039 017 | 037 0.065 | 0.14 034 0.028 | 0.002 | 038 | 0.047 | 0.005 | 0.008 | 0.001 | 0.005 | 0.000 | 0.001 | ¥
Table 3 Student’s t-test correlations (2-tailed P values)
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4 Conclusions

The ballistics properties of RHA steels do vary from batch to batch. The variations in the V50 are
small (less than 7%) but are statistically significant. In critical applications (e.g. laboratory scale
experiments seeking incremental improvements in some ballistic parameter), careful
characterisation of the RHA used will have to be done so that these variations do not have an
impact on the desired outcome. For most practical armour purposes, these variations can be
neglected.
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List of symbols/abbreviations/acronyms/initialisms

DND Department of National Defence

DRDC Defence Research & Development Canada

RHA Rolled Homogeneous Armour steel

V50 Velocity of bullet impact at which the probability of perforation of an armour
plate is 50%
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