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T. L. Hughes, B.Sc.(Eng.)

R..P. Rcf: ,H.:1./B3/9018/TLH

STT,1,1ARY

This Note describes the progress of work on an investigation into

thu liability to "shatter" of high-strength light-alloy shoot materials
when damaged by gunfire. Examination has been made of the physical
,.ropcrties and shatter characteristics of sheets of thre thicknesses to

British Specification D.T.D.687 and to the equivalent U.S. Specification

A2T-A-1O(b) - referred to as 75 ST - as produced by four different

manufacturers.

It was found that, under some conditions of attack, a small propartion

of the samples of D.T.D.687 shoot - but not of 75 ST sheet - were liable
to widespread failure by "shatter", and that a larger proportion, including
both D.T.D. 6 87 and 75 ST specimens, failed by splitting. The causes of
the "shatter" phenomena arc not yet known.

To avoid the inadvertent introduction, in the future, of high-strength
light-alloy materials having more serious and completely unacceptable
:'shatter" characteristics, it is considered important to continue the

investigation, with both sheet and extrusions, to establish the features

responsible for the "shatter" effects. Further experimental work is
plannod, in particular to investigate the influence of certain of the
chemical constituents on the "shatter" and splitting characteristics.
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I Introduction

The investigation described in this Note was initiated early in 1951,
following American reports that structures in high-strength light-alloy
sheet material, (type 75 ST) had failed by shatter when subjected to
the blast from high-explosive charges. In addition there was limited
evidence that the impact of a 20 mm,solid shot on an unstressed plate of
the same material had also caused shatter.

As the British high-strength light-alloy sheet to Specification
D.T.D.637 is broadly similar to the American 75 ST sheet (see Appendix I),
and is boing used increasingly in Idlitary aircraft, it was important to
establish whether, and to what extent, a hazard due to shatter was
intr educed thereby.

Very limited preliminary trials were made while arrangements were
in hand to obtain large quantities of material for a conprehensive investi-
gation into the problem of "shatter". The progress and results, to date,
of the comprehensive investigation are recorded in this Note.

2 hange of Haterials Tested

Samples of high-strength light-alloy sheet to the British Specification
D.T.D.687, and/or to the American Specification ;1T-A-10(b) (Clad 75 ST -

see A ppondix I for details) were obtained from the following sources:-

The Northern Aluminium Co. Ltd. and M essrs. James BQoth and Co. Ltd,
both supplied- typical production sheets to Specification D.T.D.687, in
16 S.W.G. (o.064 in.), IQ S.T. (0.128 in.) and 3/16 in. thicknesses.

The British Aluminidm Co. Ltd. supplied sheets to Specifications
D.T.D.687 and 11T-L--10(b) in 15S.N r.G., 10 S.', :.G. and 3/16 in. thicknesses,
each in three types - differing in analysis but within the Specification
limits - such that,

Type A had mcehanical properties just satisfying the mininum
requirements of the Specification,

Type B possessed mechanical properties typical of normal production
sheet,

and Type C possessed the highest proof stress and ultimate tensile stress
value obtainable by increasing the alloying elements to the maximm
permitted by the Specification or to the maxinum allowable for pro&uction
reasons.

In addition, each type was supplied in two groups, differing slightly
in the planishing and precipitation treatment.

Sheets of 75 ST, of American manufacture, in 16 S.W.G. and
10 S.II.G. thicknesses, were obtained from Whitehead Metals Inc... U.S.A.

Details of the analyses:, manufacturing processes and mechanical
properties of the specimens are given in Appendix II.

.3 Trials Procedure and Results

The trials were made in a nu.ber of stages which are detailed in

the follring paragraphs:-

- 4-
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3.1 Firings against unstressed plates with 20 mm solid ammunition

For the purpose of the trials test specimens were cut 2 ft square
and clarped in a rigid frame. Each specimen was attacked with a single
round of 20 mn ball ammmition at its approximate centre, the angle of
attack being 450 or 600 to the normal to the plate.

47 plates were attacked in this mafner (see Table I). There was no
evidence of shatter. Typical damage is illustrated in Figs.1 to 5.

3.2 Firings against unstressed plates with Hispano 20 =m explosive shell
(direct attack)

Using the same simple arrangement as above, a numbbr of selected
specimens were attacked directly (i. e. without a "burster" plate) with
20 mm 11ispano H.E./I shell fitted with Type 254 fuze. Owing to the
relative insensitivity of the fuze, firings were made against the thicker
gauges of plate only (angle of attack 450).

Detailed results are recorded in Table II, and selected photographs
reproduced in Figs.6 to 8.

In the 16 firings made, there was no evidence of shatter, but severe
cracking occurred at the wound in one instance.

During this part of the trial, a 3/16 in. thick plate (manufactured
by the British Aluminium Co. Ltd. to Specificatiom D.T.D.687, Analysis B)
which had previously been attacked directly with a 20 nmn H.E./I round,
was later subjectud to' the side-spray fragmentation and blast from the
same type of shell. Long cracks were produced in the plate (see Fig.9).

3.3 Firings 'against tonsion stressed plates with 20 mni solid enummition

Shaped tensile specimens, of 24" width in the test section, were
loaded in a specially desiged test-rig (described in Appendix III) and
attacked, while stressed, with 20 mm ball ammunition - approximately
centrally (at the "waist" of the specimen) and normal to the plate. A
total of 102 specimens (including 3 control specimens of D.T.D.603 shoot)
were tested in this manner, whilst loaded to various values between 35>
and 85- of the specified ultimate tensile strength. The results are
recorded in Tables III, IV and V.

Two distinct types of failure were evident, these were designated
"split" and "shatter". Typical examples are shown in Figs.10(a) and (b)
respectively. In no case howover did a plate completely disintegrate.

Three specimens of 16 S.W.G., D.T.D.687 material manufactured by
the British Aluminium Co. to Analyses Cl and C2 were attacked with
0.303 calibre ammunition (included in Table III). In the former case
the failing load was lowered, while in the latter case it appeared to
be 'raiod.

The results may be sumarised as followS:-

-5-
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No. of Sheets:
Thickness No. of Sheets Hld,
of Sheet Attacked Shattered Hol.

(a) British Aluminium Co's. D.T.D.687 sheet

3/16" 11 1 (Ty-e CI) 10

10 S.V.G. 15 5(4 of Type CI) 10
(I of Type 02)

16 s.-.G. 19 9(2 o- Type B-i) 10

(3 of Typi3 B2)

3 of Typo CI)
I of Type 02)

(b) British Alupinium Co's. 75 ST shoet

3/16 " - 6

105ST.G. 8 8

16 S.',V.G. 14 -5(4 of~ Type ' 3) 9
(1 of TypeC2)

(c) lyliscellaneous (3 of B.A. Co's. D.T.D.603 sheet; 8 of N.A. Co's.
D.T.D.687 sheet; 10 of J.B.& Co's. D.T.D.687 sheet;
8 of U.S.A., 75 ST sheet)

3116 5 5

10 s.4.@. 8 8

16 S..G. 16 - 10(2 of N.A. 687) 6
(4 of J.B.687)
(4 of U.S.A./75 ST)

TOTMALS 102 Attacks 6 Shattered Z 72 Holed

It will b; noted that Shatter was only experienced with 6 specimcns,
eoff'inoa to 3/16" and 10 S.'?.G. thicknesses of D.T.D.687 shoot of the

"high-strongth ' typo (analysus C1 and C2). Those 6 spocin=s woro

stressed, variously, to between 60. and 85(.> of the ultimate tensile
strongth when attacked.

Splitting occurred vith 24 of the specimens, all of 16 S.W.G.

thickness and of each suppliers manufacture. The sheets which failed by

splitting werc stressed, wrhon attacked, to values betwoon 40>' and 80/. of

the ultimate tensilc strength.

3.4 F..&ment firn against tension stressed plates

Using the same loading rig as before, stressed plates were attacked

with single1/25 oz. fragments at two velocities, 2500 ft/sec and 5,200

ft/seco. The fragments which weru of cuboidal form (approximately 0.2 in.

side) were manufactured from steel to Specification D.T.D. 124 (45 tons/

sq in. Ultimate Tensile Strength).

Each fragment was inserted in a plastic sabot of approximately - oz.

weight, and fired from an 0.5 in. calibre 3rowning gun. The sabot was

stopped by a steel plate and the fragment allc.od to pass on through a

small hole. The 'sto- plate" was completely e'ective ia only about 5Qi-

of the tests, and the specimen sheets ,,,rerc, therefore, frequently struck

by both tie fragment and pieces of sabot.

-6-
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Firings were mad normal to the plate, against 16 -S.W.G. American
75 ST and against 16 S. .G. D.T.D.687 Supplied by the N orthern Al:6inium
Co. Ltd., which had split at 50. and 6O. U.T.S. respectively when attacked
with 20 mu ball ammmition. Some firings were also made against 10 S.W.G.
material to Specification D.T.D.687, Analysis 02,supplied by the British
Aluminium Co. Ltd.

The results are recorded in Table VI and illustrated in Rigs.11 and
12. No instance of shatter occurred, but, of 11 specimens attacked, 5
failed by splitting. Except in one case, failure did not occur when a
plate was struck by a fragment alone, even when stressed to either 70&
or 80% of the U.T.S. When plates at these same stresses were holed by
pieces of sabot, in addition to the fragment, failure by splitting ocurred
in every case. Where the sabot inadvertently ,struck the specimen, a
double wound as well as a much higher impa:dt energy were naturally involved.

3.5 Finns ag st unstressed plates with 20 mm Yauser explosive shell

For these firings, German Hauser 20 mm H.E./I shell, fitted with
fuze AZ. 1504, were fired from a range of 35 yards, at thin "burster"
plates (20 S.7.G. Dural) placed at between 13 and 19 inches from-the test
plates (normal to the line of fire). The shell detonated consistently
two to three inches after first impact. These ,tests simulated detonation
of a shell inside an aircraft structure, the plate being subjected to both
the blast load and the fragmentation from the shell.

The results of the firings are recorded in Table VII and photographs
of damaged plates are reproduced in Figs. 13 to 16.

In these tests, the form of failure was somewhat different to the
simple "splitting" and "shatter" referred to in paragraph 3.3. It was
decided to retain and broaden the previously adopted categories of damage,

.-aadetailed below, though it is appreciated that further sub-division of
the forms of damage, by the introduction of new categories, may be needed
eventually.

"Shatter": Disintegration of the specimen, or
Damage causing the plate to split into three or mcre
large pieces, or
Damage by fragment wounds plus multiple and widespread
cracking (ref. Fig.15b), or
Fragment wounds plus a full-width split and minor
cracking (ref. Fig. 14 .

"Split": Failure by a single split across the plate, or
Fragment wounds plus a simple split across the specimen
(ref. Fig.13c).

"Holed": A single wound with not more than minor edge-cracks, or
Fragmcrt wounds, including - in some instances - small
cracks joining pairs of wounds (ref. Fig.14b).

The results of the firings may be dumarised as follows :-

-7-
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Thicknoss ITo. of Shoets No. of Shoets:
of Shcct Attacked Shattered Split Holed

3/16' 5 2(ono B.A.687 Type cl) i(N.A.687) 2
(One J.B.687)

10 S.:G. 6 1(J.B.687) - 5(Inc. one of
D.T.D. 603)

16 S.:a.G. 2 l(B.A.687 TypO 02) - l(D.T.D.603)

TOTALS: 13 Attacks 4 Shattered 1 Split 8 Holed

Two sheets of D.T.D.603 material were included in those firings, to
givu a basis for conpa 'iscn.

Although relatively fcr firings have yet been made in this particular
series, there is a slight indication that D.T.D.687 sheet of each of the
three thicknesses tested is liable to shatter under this form of attack,
cvcn when in an unstressed state. r,ro of the four sheets which shattered
were of the "high-strength" type (analyses Cl and C2). Neither of the
two D.T.D.603 sheets shattered or split in the tests.

!4 Discussion of Results

The approximate order of susceptibility to failure of the materials
when subject to gunfire is best shown by results of firings against
stressed plates with 20 mi solid shot. The materials which failed under
attack when stressed to loss than 80/"C U.T.S. are tabulated below
(extracted from Tables III, IV and V).

IZaterial Critical Stress
Region of

Thickness 1:anufactured by:- Spec. Analysis U.T.S. Failure
No Failure

16 S.W.G. hiessrs. James
(0.064 in) Booth & Co. Ltd. D.T.D.687 - 40 40 Split

British Aluminium
Co. Ltd. D.T.D.687 C1 43 54 Split

British Aluminium
Co. Ltd. D.T.D.687 02 40 50 Split

Britist 1ltmidnium
Co. Ltd. D.T.D.687 BI 43 53 Split

British Aluminium
Co. Ltd. D.T.D.687 B2 4.0 50 Split

U.S.A. 75 ST - 40 50 Split

British Aluminium
Co. Ltd. 75 ST 01 - 60 Split

British lzimniuz
Co. Ltd. 75 ST 02 50 80 Split

Northern A]inium.
Co. Ltd. ID.T.D.687 - 60 60 Split

10 Sd.-G. British Aluminium,
(0.128 in.) Co. Ltd. 1 D.T.D.6871 C1 - 60 Shatter

British Al1uninium!I
BCo. Ltd. n D.T.D.6871 02 66 77 Shatter

3116" 1 British Alundnium I
Co. Ltd. D.T.D.687' C1 70 70 Shatter

- 8 -
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It was observed during the trials that some plates, particularly in
the thicker gauges, had a tendency to flake on the exit side, when
attacked in an unstressed state with 20 mm solid shot. The extent of
flaking appeared to be greatest with the materials which, in other tests,
appeared most susceptible to failure by "shatter" or "splitting" (see
Figs.1 to 5).

The liability of particular sheets to "shatter" or "split" was
confirmed by the firings in which Mauser 20 mm H.E./I shell were detonated
a short distance from unstressed plate specimens. Under these conditions
some of the thicker materials failed, more particularly those materials
which had failed, in the thinner gauges, at relatively low loads, when
attacked with 20 mm solid shot.

The mechanism of failure under these conditions of attack is not
fully understood, but it is possible that the shell fragments struck when
the plates were momentarily in a highly stressed state due to blast load-
ing from the shell.

In contrast, when 20 mm H.E./I shell wore fired to detonate directly
on unstressed plates, the resulting damage was usually confined to a hole
2 to 3 in. in diameter. In these tests it is probable that the hole was
produced entirely by blast effect, and the fragments, being projected
forward, did not strike the target plate.

Throughout the trials, the majority of specimens for loading were
made so that the load was applied in the direction of final rolling.
Some firings were made against specimens loaded perpendicular to the
direction of final rolling (noted in Tables IV and V1) but insufficient
firings were made to come to any definite conclusion as to the effect of
rolling direction on the strength of the sheet under attack.

The results obtained so far may be summarised as follows:-

Of 184 firings made against samples of D.T.D.687 and 75 ST sheet,
a total of 10 specimens (5) failed by "shatter" - none of these
was of 75 ST material of either British or U.S. manufacture - and
31 specimens (17;) failed by splitting - including 11 of 75 ST
sheet (6 British and 5 U.S. manufacture).

There is little evidence, so far, of any precise relationship between
the mechanical properties of the materials and their susceptibility to
failure under gunfire. This problem, and the effect of variations in the
chemical analyses, are matters for further investigation, and are being
studied both by the Inter-Services Iiictallurgical Research Council and the
R.A.E.

The stresses to which the plates were subjected in some of the
trials were generally high compared with those likely to be encountered
in an aircraft under normal flight conditions, and wore employed only
for convenience in oomparing the properties of the various materials.
In future trials, it is proposed that the plates shall be stressed to
not more than 30/ of the ultimate tensile stress, attacks being made
with 20 mm Ruser H.E./I anmmqition (as described in para.3.5). The
limit of 30% U.T.S. covers conditions in bomber and transport aircraft
strmetures during level flight (compared with less than i0 U.T.S.
in fighters), though stresses as high as 67, of the U.T.S. can be
encounterod for short periods of time in both bomber and fighter aircraft.

5 Further Develop t

The results obtained so far do not indicate an alarming position
regarding the collapse, by projectile damage, of structures in D.T.D.687

-9-
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alloy. Nevertheless, it is evident that widespread failure can occur
by "shatter" in some circumstances, and with some particular forms of
D.T.D.687 shet. In order to avoid the development of high-strength
light-alloy materials having serious "shatter" characteristics, it is
considered imperative to continue the investigation, with both sheet and
extrusions, until the features responsible for the "shatter" effects can
be established.

Trials against both stressed and unstressed plates, using remotely
detonated 20 imn H.E./I shell, are therefore continuing,and a number of
firings against extruded sections in D.T.D.683 will be included shortly.

It is planned to make similar trials to investigate the effects of
varying the chemical constituents of the materials within the limits of
Specification D.T.D.687, in particular, the effects of varying the percent-
ages of zinc and magnesium.
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TABLE I

List of firings against unstressed plates of
high-strength light-alloy

k=.rnition:- 20 mm Ball

Analysis Anglo ofSianu- Specifi- Sheet Attack No. of photo-
facturer cation Thiakness A (SOO 0 to Firings graph4ponix 719 Normal

The D.T.D.687 3/16 in. Al 600 1 Fig.l(a)
British A2 600 I

Aluminium B1 600 1 Fig. I (b)
Co. Ltd. B2 600 1

Ci 600 1 Fig.1(d)
02 600 1

10 S.T% TG. Al 600 1
22 600 I
BI 600 1
B2 600 I
C 600 1
C 2 ... .... o60 0 i

16 S.J.G. Al 600 1
12 600
B1 600 j

B2 600 I
Cl 600 I
C2 600 1

The 75 ST 3/16 in. Al 600 1 Fig.2(a)
British i2 600 1
Aluminium BI 600 1 Fig. 2 (b)
Co. Ltd. B2 600 I

C1 600 1 Fig.2(c)
02 600 1

10 S.W.G. I 600 I
L2 600 1
BI 600 1
B2 600 1
cl 60 °
02 600 1

16 S.I.G. Al 600 1
A2 600 1
BI 600 1
B2 600 1
CO 60' 1
02 600 1

The D.T.D.687 3/16 in. Normal 1
Northern __450 1 Fig.3
Aluminium 10 S.;.G. - Normal I
Co. Ltd. I450

.... , 600 1

16S.w.G. - 600 2

liessrs. D.T.D.687 3/16 in. - 450 Ag.]
James 4

Booth & 10 s. .G.
Co. Ltd. 16 S.W.G. 11 450 1 ig.5(b)

Note: No evidence of "shatter" or serious splitting of the plates was
observed La these tests.
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TAHZE II

Results of firings against unstressed plates of
high-strength light-alloy

Amnunition:- 20 mn Hispano H.E./I
Puze 254

Plates attacked directly at 450 to normal
(i.e. no burster plate employed)

Ylanu- Sheet Analysis
facturer i,Kat orial Thickness (see Result

Thic_ness Appendix "a')
The D.T.D.687 3/16 in. Al Hole 3 in. x 2 in.

British Little tendency to petal.
io.uminium iedium flaking of backCo. Ltd. surface. See Fig. 6 (a).

3/16 in. BI Hole 3- in. x 2 in. No
petalling. Kedium flak-

ing of back surface.
3/16 in. B2 Hole 3- in. x 2 in. No

petalling. 1,edium flak-
ing of back surface.
See Fig.6(b).

/16 in. 01 Hole 2 in. x 12 in. No

petalling or flaking.
Shell appeared to have
detonated when com-
pletely through plate.

3/16 in. 02 Hole 3 in. x 5 in. No
petalling. Flaking of
back surface and some
small (1 in. to I in.)
cracks. See Fig.7.

10 S.W.G. C1 2 in. x 1- in. hole.
Shell detonated with
coparatively long delay.

C 212 in. x 2 in. hole.
One 1 in. crack and two
- in. cracks through
plate. Medium flaking.

The 75 ST 3/16 in. Al Hole 5 in. x 2 - in. One
British 2I% in. crack. Slight
Alundnium tendency to petal but
Co. Ltd. mainly slightly flaked

edge to hole.

1/16 in. BI Hole 3 in. x 3 in.

Shell exploded with less
delay than normal. Some
flaking round edge of
hole and some petalling.

3/16 in. B2 Hole 2 in. x 3 in, Two
2 in. cracks and one 12
in. crack. Some petal-
ling of plate.

- 12 -
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TA II (coND)

Manu- Sheet Analysis
fatur Material Theet (see 'Result

f acturer ThicknessAppendix "II')_

The 75 ST 3/16 in. C2 Hole 3 in. x 3 in. No
British petalling. Flaking of
Aluminium back surface and some
Co. Ltd. small cracks.

10 S.1. G. BI Hole 2 in. x 1 in. wit
six cracks from I in. to

4i in. long. Larger
petals. Shell appeared
to have detonated while
in plate. Se ig.8(b).

10 S. .G. BI Hole 2 in. x 2 in.
Little flaking. Two
I in. cracks from hole.
Shell appeared to have
detonated when com-
pletely through plate.
See Fig. 8(a).

10 S."I.G. B2 Hole 2 in. x 2 in. vrith
little flahing. One
I in. crack.

10 S.W.G. C1 Hole 3 in. x 2 in. A
little flaking of the
back surface and one
I in. crack.

The D.T.D.687 3/16 in. Hole 2 in. x 2 in. with
Northern little flaking or petal-
Aluminium ling. One I inch crack.
Co. Ltd.

- 13 -
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TABLE III

Firings against stressed plates of high-strength light-alloy

lhlaterial:- Supplied by the British Aluminium Co. Ltd.
to Spec. D.T.D.687

AnmiLnition: 20 nrn Ball and three rounds only of 0.303 A.P.

Sheet Analysis
Thickness (see Stress on Sheet Result Notes
Thi__ness Appendix "II") i IIT.S.
3/16 in. Al 80 Holed

A2 80 Holed
BI 80 Holed
B2 80 Holed

CI 50 Holed
60 Holed
60 Holed
70 Shatter
70 Holed Attack 3" from edge

of specimen

C2 80 Holed Load held for 2
mins before firing

80 Holed Load applied quickly
10 S.W.G. Al 70 Holed

80 Holed
80 Holed

L2 80 Holed

BI 30 Holed
75 Holed
85 Holed

B2 80 Holed

C1 60 Shatter
75 Shatter
75 Shatter
85 Shatter

C2 50 Holed
66 Holed
77 Shatter

16 S.x.G. A1 50 Holed
60 Holed
70 Holed
80 Holed

12 80 Holed

BI 43 s .mall

53 Split
60 Split

- 1D . -
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TABLE iII (coNTD)

Sheet Analysis e su) t
hclts (see Stress on SheetNotes

Thickness Appendix "ir") > U.T.S.

16 S.W.G. B2 40 Holed
50 Split
70 Split
70 Split

01 43 Holed
43 Split Attack with 0.303 AP
54 Split
54 Split Attack with 0.303 AP

C2 40 Holed
50 Split
50 Holed Attack with 0.303 AP

- 15 -
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TABLE IV

Pirings against stressed plates of high-strength light-alloy

h-Latcrial: Supplied by the British Aluminium Co. Ltd.
to Spc. 75 ST

Amu nition: 20 mm Ball

Sheet iua yss Stress on Sheet .. e.l.otc
Thicancss UT..sResult Notes

3/16 in. Al 80 Holed
A2 80 Holed
B1 80 Holed 1
B2 80 Holed
Cl 30 Holed
02 80 Holed

10 S.',T.G. Al 80 Holed
A2 80 Holed

B1 75 Holed
80 Holed

B2 80 Holed

Cl 75 Holed
80 Holed

C2 80 Holed

16 S.W.G. Al 80 Holed
80 Holed Load applied at right

angles to direction of
.,_ _ .,rolling

A2 80 Holed

BI 50 Holed
60 Holed
70 Holed
80 Holed

B2 80 Holed

C 1 K 0 Split
70 Split
70 Split
80 split ______________

C2 50 Holed
C2 P 80 Split

- 16 -

CONFIDENTIAL



CONFIDENTIAL

Tech. Note No. 1,ech. Eng. 155

TABLE V

Firings against stressed plates of hiph-strength light-alloy

Materials:- lascellaneous

Ammrnition:- 20 imn Ball

Alloy Sheet Stross on Sheot
Manuflacturer Result Notes
and Spec. Thickness U.T. S.

The British 3/16 in. 80 Holed
Aluminium (slightly
Co. Ltd. petalled)*f D .T .D. 603'. .. .. . ... .

10 S.I.G. 80 Holed
(petalled)

16 S.11. G. 80 Holed
(petalled)

The Northern 3/16 in. 80 Holed

Aluminium - -.. 6o. .....
Co. Ltd. 10 S.7.G. 60 Holed
D.T.D.687 70 Holed80 Holed

16 S. I.G. 50 Holed
60 Split
60 Holed Tension applied at

right angles to
direction of
rolling

70 Split

Kcssrs. James 3/16 in. 50 Holed
Booth & Co. 60 Holed
Ltd. 70 HoledD .T .D .687 ....... . ... ....8 10 S.1(.G. 80 Holed

16 S.i,.G. 35 Holed Tension applied at
40 Holed right angles to
40 Split the direction of

rolling

50 Split

60 Split
70 Split

'ihitehead 10 S.11.G. 50 Holed ITension applied
M[etals Inc. 80 Holed 'at right angles
U.S.A. (to direction ofJrolling

75 S T 80 Holed

16 S.w.G. 40 Holed Tension applied
50 Split at right angles
60 Split to direction of
70 I Split !rolling
80 ._Split

*Note: Sheets to Spec. D.T.D.603 were included here as control specimens.

- 17 -
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TABLE VI

_e of hih-strength light-alloY

Anmuiition:- 1/25 oz. fragments at 2,500 ft/sec and

5,200 ft/sec

NTote: The fragment was inserted in a plastic sabot of
approximately - oz. weight and fired from a 0.5 in. Brcning
gun. The sabot was stopped by a steel plate while the fragmnt
was alloved to pass through a small hole. The "stop plate" was
effective in about 50, of the cases.

Alloy Stress on Nominal
anufacturer ht Conditions Results

Specification 
; U.T.S. of Attack-and -Thickness

The Northern 60 1/25 oz. at Fair Hit - Plates holed only
Aluminium Co. 2,500 ft/sec
Ltd.
D.T.D.687 70 1/25 oz. at Plate holed by fragment and piece
16 S.W.G. 5,200 ft/sec of sabot.

Split across plate originating
at hole by sabot
iSee Fig. 11i(a)

70 1/25 oz. at Plato holed by fragment, dented
2,500 ft/sec by piece of sabot

80 1/25 oz. at Fair Hit - Plate holed only
!2,500 ft/sec

80 1/25 oz. at Fair Hit - Plate holed. Some
5,200 ft/sec very fine cracks about 1 in. -

.......... 2-L - in, long radiating from hole

80 1/25 oz. at Plate holed by fragment and
5,200 ft/sec piece of sabot. Split

originatin-at latter hole
See iIg.11 b)

Ihitehead 70 1/25 oz. at Fair Hit - Plate holed only
i:etals Inc. 5,200 ft/sec
75STA 80 1/25 oz. at Fragment passed through 3/16 in.
75 ST
16 S G. 5,200 ft/sec stop-plate* before striking

target. Plate holed by fragment
and split

The British 80 1/25 oz. Fragment and sabot did not sepa-
AluminiLun Co. I IFragment and rate. Hole 11 in. dia. Split
Ltd. Sabot at originatig -at hole
D.T.D.687 L 5,200 ft/soc
Analysis C2 I ....... -Anlsis 080 1/25 oz. at Fair Hit - Fragment hole only
10 S. G.5,200 ft/sec See Fig.12 (a)

80 1/25 oz. at Holes by fragment and pieces of
5,200 ft/sec sabot. Split and crack both

originating at sabot holes
See Fig. 12(b)

*Note: In this firing a further "stop-plate" of 3/16 in. Dural was
introduced in an attempt to stop fragments of sabot from striking
the -plate under test.

- 18O-
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TABLE VII

Firings against unstressed plates of high-strength
light-alloy with 20 nun Mauser H.E./I ammunition

Shell Fuze:- Sensitive, and operates when shell
is just through "burster plate"

Target arrangement:

Burst er

Plate" Point of,I Detonationi

Direction of Attack - - Sheet Under Test

.VariableN

Distance of!
Burster Sheet Under Test AnalysisFiring I Plate to Manu- (see Result

Specimen facturer laterial Thickness App. II)

Under Test

17 in. The D.T.D.687 3/16 in. CI "Shatter"K
British (see Ag. 13(a))
Al. Co.
Ltd.

2 19 in. The
British D.T.D. 687 3/16 in. A2 Fragment Damage
Al. Co. Only

Ltd. (see Fig.13(b))

3 13 in. The D.T.D.687 3/16 in. Split
Northern (see ig. 13(c))
A1. Co.
Ltd.

14. 13 in. essrs. D.T.D. 687 3/16 in. "Shatter"

James (see Fig.14(a))
Booth &
Co. Ltd.

5 19 in. ziessrs. D.T.D.687 3/16 in. Fragment Damage
James Only

Booth & (See Fig.14(b))
Co. Ltd.

b 19 in. The D.T.D.687 10 S.W.G. 1 Fragment Damage
Northern Only
Al. Co. (See Fig.14(c))
Ltd.

7 19 in. Messrs. D.T.D. 687 10 S.W.G. - "Shatter"
James (see Fig.15(a))

Booth
Co. Ltd. i

Note: KThe damage, in this case, was somewhat less than a true "shatter"
effect, and might be better termed "widespread cracking".

- 19 -
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TBLE VII (CONT)

Distance of
Burster Sheet Under Test Analysis

Firing Plate to Manu- (see Result
No. Specimen facturer Material Thickness App. II)

Under Test

8 19 in. The D.T.D.687 16 S.W.G. C2 "Shatter"
British (see Fig.15(b))
Al. Co.
Ltd.

9 19 in. The D.T.D.603' 16 S.W.G. Fragment Damage
British Only
Al. Co. (see Fig.15(c))
Ltd.

10 16 in. The D.T.D.687 10 S.W.G. Fragment Damage
Northern Only
Al. Co. (see Fig.16(a))
Ltd.

11 13 in. The ] T.D.603' 10 S.W.G. Fragment Damage
British Only
Al. Co. (see Fig.16(b))

Ltd.

12 13 in. The D.T.D.687 10 S. 'W. G. Al Fragment Damage
British Only
Al. Co. (See Fig.16(c))
Ltd.

13 13 in. Messrs. D.T.D.687 10 S.W.G. Fragment Damage
James Only
Booth &
Co. Ltd.

Note- NKTwo sheets of D.T.D. 603 material were included as control specimens.

- 20 -
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A2?Z.1DIX I

A Co=arison of the Properties of Light-Alloy "75 ST" (U.S.A.
and British Ligt-Allo toSeification D.K.D.6§

AIRICT MLATERIALS M ITISH

Specification Specification Specification
AN-A-9(a) AN-A- 10(b) D.T.D.687

_________ (OT mLAz) (CLAD) (CLAD)

iheical Analysis -

Zinc 5.1 - 6.1; 5.1 -6.1% 4.5 - 6.5%
viagnesium 2.1 - 2.9 2.1 - 2.9 2.0 - 3.5
Copper 1,2 - 2.0 1.2 - 2.0 1.5 max.
Chromium 0.15 - 0.40 0.15 - 0.40 0.5 max.
,,:angaas,. 0.30 max. 0.30 max. 0.30 - 1.0
Iron 0.70 max. 0.70 max. 0.5 max.
silicon 0.50 max. 0.50 max. 0.5 max.
Titanium 0.20 maxo 0.20 max. 0.3 max.
Others each 0.05 max.o 0.05 max.
Others total 0.15 riax. 0.15 max. -

Aliu nium Remainder Remainder Remainder

Che .ical Coposition
of Coating Alley:-

Zinc 0.75 - 1.25o 0.8 - 1.2
KZagnesi= 0.10 -

Copper 0.10 max. -
!.anganose OJ1 max. -
Silicon 0.7 -

Others total 0.15 -

AluLinium Remainder Remainder

P4ysical ProDurties:- Data below is given for thick- Data for thick-
ness between 19 S.-I.G. (0.%-") noss greater
and 7/0 S.1.G. (0.50"). than 21 S.W.G..

(0.032").

U.T.S. 34.4 t./sq.in. 32.1 t,/sq.in. 32 t./sq.in.
Proof Stress .0.2') (0.25-'-0 (0. 1,)

29.4 t./sq. in. 27.7 t./sq.in. 27 t./sq.in.
Elongation 8ju 8% 3%

for gauges
greater than
12 S. . G.

Heat Treatment (In accordance with U.S.A. Sheets solution
Spec. A, -Q' -H-1U6) Shoots treated at 4650
solution treated at 46000 to + 5v0, qucached
43900 and precipitation and then proci-
tr.atod by heating to pitation trcated

i 118.50C to 12400 for by heating
24 hours, between 11000

and 1400 for
the "requisite
period".

- 21 -
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APPENDIX Ii

Details of Materials 4upplied for Testing

James Booth & Co., Ltd. Sheets of 16 S.W.G., 10 S.W.G. and 3/16 in.were provided, the following being the cast analyses:-

Cu Mn Mg Fe Si Zn Ti Cr
16 S.W.G. 0.97 0.36 2.93 0.28 0.14 5.68 0.09 0.07

10 S.W.G. 1.04 0.35 3.07 0.24 0.16 5.94 0.06 0.07

3/16 in. 0.96 0.34 2.78 0.19 0.14 6.02 0.06 0.07

The sheets were solution treated at 4600C and precipitated for 12 hours
at 1350C.

The following are the manufacturing details of the sheets:-

All this material was made from cast slab 30" wide x 8" thick. Prior
to hot rolling the slab was milled to 7" thick. They were then hot rolled
dovm to -" thickness at 30" wide and the plates were then cut up into suit-
able pieces for subsequent cold rolling. Hot rolling was carried out at
4200C. The following are the cold rolling schedules:

1. 72" x 36" x 0.187"

0.25" thick plates annealed 3600C.Cold rolled to 0.187" thick.
Edges trimmed.
Solution treated 4600C x 20 mins. (in salt).
Stretched sufficiently to make flat.
Cut to size.
Precipitated 1350C x 12 hours.

2. 72" x 36" x 0.064"

0.25" thick plates annealed (3600C).
Cold rolled to 0.130" thick.
Annealed 3600C.
Cold rolled to 0.107" thick.
Annealed 3600C.
Cold rolled to 0.064" thick.
Edges trimmed.
Solution treated 4600C x 30 mins. (in salt).
Stretched sufficiently to make flat.
Cut to size.
Precipitated 1350C x 12 hours.

3. 72" x 36' x 0.128"

0.25" thick plates annealed 3600C.
Cold rolled to 0.150" thick.
Annealed 3600C.
Cold rolled to 0.128" thick.
Edges trimmed.
Solution treated 4600C x 40 mins. (in salt).
Stretched sufficiently to make flat.
Cut to size.
Precipitated 1350C X 12 hours.

- 22 -
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British Aluminium Co., Ltd. This firm kindly supplied sheets
of 19 S.W.G., 10 S.1.. and 3/16 in. D,T,D.687 #od also the same
thicknesses in the equivalent American 71ST al;y. Fiurthernor(, tne firm
also undertook to supply thre compositions in both alloy types to
represent low magnesium combined with low zim, average magnesium and zinc
and high magnesium combined with high zinc, in each case, the actual com-
position being within specification limits. The following were the
chemical analyses reported:-

D. T. D. 687 Cu Rn hg Fe Si Zn Cr

Type A 1.22 0.35 2.19 0.18 0.11 5.11 -

" B 1.37 0.45 2.56 0.23 0.13 5.69 -

" C 1.28 0.35 3.28 0.17 .0.11 5.87 -

5- T

T7pe A 1.65 0.21 2.47 0.19 0.12 5.25 0.25

" B 1.77 0.21 2.50 0.14 0.13 5.59 0.26

" C 1.84 0.21 2.81 0.20 0.11 5.91 0.28

The procedure used in manufacture was experimental so as to provide
the required range of properties, the following being the details supplied
by the firm:-

"The whole of the blocks in both types of alloy were prepared by the
semi-continuous casting process and after cutting to length were homo-
genised at 4300C for 10 hours and were clad with 1% zinc plates.

The blocks were hot rolled in two stages to a thickness of 0.220",
the preheating temperature being designed so that rolling could be carried
out in a temperature range 380-400OC.

After cooling the blanks were cut for cold rolling and the following
treatment was given:

Finishing Gauge 0.064" Blanks annealed, rolled to 0.120", annealed,
and rolled to 0.064".

Finishing Gauge 0.128" Blanks annealed, rolled to 0.128".

Finishing Gauge 0.187" Blanks rolled without an anneal to 0.187".

In all cases the annealing was done in a muffle for 6 hours at a
zone setting of 4200C.

The sheets were solution treated at the finishing gauge at 4650 + 50C
for both alloys, the soaking times being 18 mins., 40 ins. and 45 mins.
for the three gauges respectively.

Following the solution treatment each type of metal was divided into
two groups, differing slightly in the planishing and precipitation
treatment; the details are as follow:

- 23 -
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D. mL T. 687A Type A

Group 1- Planishing (1% to 2% reduction) and stretching, followed
by artificial ageing (8 hours 1300 - 14000).

Group 2. Roller levelling and stretching, followed by artificial
ageing for 4 hours at 1300 - 1400C.

D.T.D. 687A Type B

Group 1. Planishing, stretching, and artificial ageing as for
Type A, Group 1.

Group 2, Heavy planishing (10/' reduction); stretching and
artificial ageing, as for Type A, Group 1.

D.T.D. 687A Type C

Group 1. Planishing and stretching, as for Al, followed by
artificial ageing for 12 hours at 1300 - 1400C.

Group 2. Heavy planishing (I(0 reduction), stretching, as for Al,
followed by artificial ageing for 12 hours at 1300 - 140°C.

75ST Type I..

Group 1. Planishing and stretching, as for D.T.D.687A, Al, followed
by artificial ageing for 24 hours at 1150 - 1270C.

Group 2. Roller levelling and stretching, as for Al followed by
artificial ageing for 8 hours at 13(P- 1406C.

75ST Type B

Group 1. Planishing and stretching, as for Group 1, followed by
artificial ageing for 24 hours at 1150 - 1270C.

Group 2. Heavy planishing, (10/o reduction), stretching as for
Group 1, followed by artificial ageing for 24 hours at
1150 - 1270C.

75ST Type C. As for 75ST Type B.

Northern Aluminium Co., Ltd. Sheets of 16 S.W.G., 10 S.W.G. and
3/16 in. were provided, the following being the cast analyses.

Cu 1n Mg Fe Si Zn Ti Cr

16 S.W.G. 1.43 0.28 2.47 0.33 0.22 6.16 0.06 0.13

10 S.W.G. 1.42 0.29 2.48 0.31 0.17 6.10 0.04 0.12

3/16 in. 1.43 0.27 2.47 0.36 0.17 6.10 0.04 0.12

The sheets were solution treated at 4670C and precipitated for 12
hours at 1330C. The following manufacturing details were supplied by the
firm:-

16 S.W.G. 10 S.W.G. 3/16 in.

Size of ingot 6" x 20" x 21" 6" x 20" x 21" 8" x 28" x 20"
Hot rolled to 3/16 in. 3/16 in. ' in.
Annealed at 3/16 in. 3/16 in. -

Cold rolled to 0.064 in. 0.128 in. 0.1875 in.
- 24 -
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This material was taken from ordinary production runs.
Whitehead Metals Inc., U.S.A. Sheets supplied in 16 S.W.G. and

10 S. V.G.

No details of analyses or manufacturing processes available.

Results of some Strength Tests on the sheet Haterials
in the "as received" Condition

Note: "L' is abbreviation for "Longitudinal, i.e,

parallel to length of 6.ft x 3 ft sheet.

"T" is abbreviation for "Transverse", i.e.
parallel to width of 6 ft x 3 ft sheet.

au- Proof Stress U.T.S. Elonga- P.S./

and Gauge Analysis Tons/sq.in. Tons/sq.in. tion % U.T.S.
Specifi- L T L T L T L T
cation

The 10 S.W.G. Al 28.0 25.5 31.3 31.1 11 10 0.90 10.82
British A2 28.7 24.5 32.4 30.9 12 12 0.89 0.79

Aluminium BI 32.6 28.6 36.4 34.7 9 9 0.90 o.83
Co. Ltd. B2 33.2 28.7 36.7 34.5 8_ 7- 0.91 0 83
D.T.D.687 Ci 34.2 30.6 37.4 35.8 8 0o.92 o.86

C2 33.4 29.2 37.0 35.1 8 72 2 0.91 O,83
6 S25.6' 32.2 30.1 11- 11 0.8'8 .T5
A2 26.6 24.5 30.3 29.6 13 13 0.88 0.83

BI 32.1 28.6 36.3 _34.0 9-f 9 0.89 OQE4
B2 28.7 129.2 34.9 344 9 72 0.82 0.8 5
01 31.2 29.8 35.6 34.6 7 9 0.88 86

C2__ 30.9 128.8 35. 1 . -11 8 7 o.88 o. 85

The 10 S.W.G. Al I-I -

British A2 127.8 26.8 33.8 133.1 13 11 - -
Aluminium BI - -_ - -..

Co. Ltd. B2 29.0 128.2 34.8 134.0 9 10 0.84 0.83
75 ST 01 30.2 j29.2 34.9 135.2 10 10 0.87 0.83

02 32.0 27.2 36.2 j4-4 9 9 0.88 0.79

16 S.W.G. Al - -. . -
A2 28.0 26.5 32.6 32.4 12 11 0.86 0.82
BI 24.7 27.3 34.3 33.0 9 10 0.87 0.83
B2 29.5 27.7 34.6 33.4 9 i 0.85 0.83
Cl 129.2 27.2 34.8 33.3 1 7 7' 0.8k 0.82
02 30.4 27.4 35.4 32.3 2 10 0.86 o.84

The 3/16 in. - - - [ .I -
British 10 S.1.4.. G 23.0 18.9 30.4 29.8 151 0.7' 0.63

Aluminium 16 S.W.G. - 22.9 19.7 30.2 31.0 117 117 - o. Q.
Co. Ltd.
D.T.D. 603 • _

The 3/16 in. - " - .
Northern 10 S.W.G. - 30.9 - 35.5 - 10 - I0.87 -

Aluminium 16 S.W.O. - 30.9 27.4 34.2 133.9 9  9f 0.91 0.81
Co. Ltd. j
D.T.D.687 - -. .-
Messrs. 3/16 in. ... 36 28.5 36.2 36.1 1 9 9 0.90 0.79
James 10 S1W.G. - - 0.90Booth & 16 sx .G. 6 .6 . . .. .

Co.t. 16 S..G. - 321 36.0 35.6 35.1 8 8 0.90 0.86
D.T. D.687-
Whitehead ios .G. - 30, 27.2 34.8 35.2 10 9 0.88 0.78

Metals 16 S.?T.G. - 30,2 27.4 34.4 34.0 92 6 0.88 0.81
Inc. ,U.S.A. I

75 25TI
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id=PM Ix III

ITotes on LonaingRig for the InvcstiRation of the
Shatter ropertios of Hi t " j lt

Crour al

Tho rig was desigacd specifically to investigate the shatter
properties of high strength light alloy spkcin=s, under tension and
copression, when attacked with 20 nm 3all izmnntion. The rig is
hydraulically opurated, its main units being an hydraulic jack, a hand
pump unit and an electrically operated pump unit.

The layout of the rig is illustrated diagr wm.tically in _Ags. and
2, ad ph.otografs of tht. rig and pump units are reproduced in Figs.3 and
4 respectively.

Details of Tnits

ydr aulic_Jack

Piston diameter = 15.62 ins.
Piston area = 19i.62 ins.
iston rod diameter = 3.50 ins.

Piston rod area = 9.62 ins.

Overal1l piston travel =10 ins. vproximately.

Turner Duplex hand pump.

0oto2/2- unit

B.T.H. 3 phase, 400 Volt A.C. II-otor

rated 3.5 H.P., (Speed O to 2,500 JR.P.1-.), used with a
-2lossey line feed pump.

Loading_Data

Effective piston area in Tension = 182.0 sq. in.

Effective piston area in Compression = 191.62 sq. in.

i inmc Working Pressure = 1500 lb/sq. in.

1Laxjmmn load in Tension = 122 tons

i.aximu:n load in Compression = 128 tons

Conversion factors re:-

Ln CoMression Gauge reading (lb/sq. in.) x 0.0853 = Total
load in Tons or Total load in Tons x 11.7 = required

gauge reading.

In Tension Gauge reading (lb/sq. in.) x 0.0813 = Total
load in Tons or Total load in Tons x 12.3 = required

gauge reading.

- 26 -
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FIG.3

FIG.3. Test Rig fo r Loading Specimens.

Specimen Shown in Position After
Attack with .303 Calibre Ammunition.

In
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FIGA4
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TECH. NOTE: MECH. ENG. 155
FIG. I

ENTRY a. iAalysis Al. EXIT

ENTRY b. Analysis El. EXIT

snENTRY, C. Analysis Cl. EXIT

FIGA1. Unstressed Plates of D.T.D.887 Attacked with 20 mm. Solid Shot

at 800 to the Normal.

W Plate Thickness - 3/16 in.< Manufacturer- British Aluminium Co. Ltd.



TECH. NOTE: MECH. ENG. 155

FIG.2

ENTRY a. Analysis Al. EXIT

ENTRY b.Analysis Bl. EXIT

ENTRY C. Analysis cl. EXIT

FIG.2. Unstressed Plates of 75 ST Attacked with 20 mm Solid Shot

at 600 to the Normal.

Plate Thickness - 3/18 in.Or Manufacturer - British Aluminium Co. Ltd.



TECH. NOTE: MECH. ENG. 155
FIG.3 &4

ENTRY EXIT
FIG.3. Unstressed Plate of D.T.D.887 Attacked with 20 mm Solid

Shot at 480 to Normal.
Plate Thickness - 3/18 in.
Manufacturer Northern Aluminiumi Co. Ltd.

ENTRY EXIT

FIGA4 Unstressed Plate of D.T.D.887 Attacked with 20 mm Solid
Shot at 450 to Normal.

* Plate Thickness - 3/16 in.
Manufacturer - Messrs. James Booth & Co. Ltd.



TECH. NOTE: MECH. ENG. 155
FIG.5

ENTRY EXIT

a Plate Thickness -. 128 in. (10 S.W.G.)

ENTRY EXIT

b Plate Thickness -. 084 in. (18 S.W.G.

FIG.5. Unstressed Plates of D.T.D.887 Attacked with 20 mm Solid
Shot at 45O to Normal.
Plate Manufacturer - Northern Aluminium Co. Ltd.



TECH. NOTE: MECH. ENG. 155
FIG.6

EN'TRY a Analysis Al. EXIT

ENTRY b Analysis B2. EXIT

FIGA6 Unstressed Plates of' D.T.D.087 Attacked Directly with 20 mm
Explosive Shell at 450 to Normal.
Plate Thickness - 3/16 in.
Manufacturer - British Aluminium Co. Ltd.
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FIG.7
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TECH. NOTE: MECH. ENG. 155

FIG.8

a. Firing 1. Exit Side.
Detonation when Shell is Through Plate.

b. Firing 2. Exit Side.
Detonation when Shell is in Plane of Plate.

FIG.8. Unstressed Plates of 75 ST (Analysis Bl) Attacked Directly
with 20 mm Explosive Shell at 450 to Normal.
Plate Thickness - 10 S.W.G.
Manufacturer - British Aluminium Co. Ltd.



TECH. NOTE: MECH. ENG. 155

FIG.9

FIG.9. Unstressed Plate of' D.T.D.887 (Analysis B2) After Repeated
Attacks, Including Exposure to Blast and Fragment Spray
from Exploding 20 mm Shell.
Plate Thickness - 3 /18 in.
Manufacturer - British Alldminium Co. Ltd.

eI



TECH. NOTE: MECH. ENG. 155

FIG. 10

8 Typical Example of "Split".
18 S.W.G. (.084 in. ) Plate to Spec. D.T.D.887 (Analysis CV).
Manufactured By - British Aluminium 0o. Ltd.
Stressed To 50% U.T.S.

b Typical Example of "Shatter".
ol ~10 S. W. G. (. 128 in. ) Plate to Spec. D. T. D. 87 (Analysis Cl).

Manufactured By - British Aluminium Co. Ltd.I: Stressed To 75% U. T. S.
FIG.10. TYPES OF FAILURE OF STRESSED PLATES ATTACKED WITH 20 MM SOLID SHOT.



TECH. NOTE: MECH. ENG. 155

FIG. I I

a Stressed to 70% U.T.S.
Plate Holed by Fragment and Piece of Sabot
Split Originating at Latter.

bstressed to 80% U.T.S.
Plate Holed by Fragment and Piece of Sabot and Split.

FIGA11. Results of Fragment Firings Against Stressed Plates
to Sp ec. D. T. D. 887.
Fragment:- 1/25 oz. at 5,200 Ft/Sec.
Thickness of Plates - .084 in. (16 S.W.G.)
Manufacturer - Northern Aluminium Co. Ltd.
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FIG. 12
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TECH. NOTE: MECH. ENG. 155

FIG. 13
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TECH. NOTE: MECH. ENG. 155

FIG. 14
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TECH. NOTE: MECH. ENG. 155

FIG. IS
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TECH. NOTE: MECH. ENG. 155
FIG. 16
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