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ABSTRACT 

Through-plate mechanical properties correlate very 

well with ballistic properties of rolled plate. Those plates 

with the higher throubh-plate mechanical properties gave the 

better ballistic reeults. 

Ballistic  limita of the cast plates were too uniform 

and the mechanical prop .erties too varied to obtain good 

statistical correlation. 

Ballistioally the rolled plates could be divided 

into four groups in order of merit as follows: 

1. Firth Brown 	1* Cr-Mo 	Basic Electric. 

2. E. S. C. 	lt Cr-ko 	Acid Open Hearth. 

3. (Colvilles 	lk Cr-No 	Basic Open Hearth. 
(E. S. C. 	Low Alloy 	Basic Electric. 

4. (Firth Brown 	Low Alloy Acid Open Hearth. 
(Colvilles 	Low Alloy Basic Open Hearth. 

There was little drop in hardness from surface to 

centre in any of the plates. 

Variations in melting practice (time at heat, etc.) 

maY be responsible for differences between the various groups 

of rolled plates, but the sianificance of the difference is 

such that further investigation is in ca,der. 

1.•10•■■•••■• 
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of 60-mi.  British Armour Plate. 

1========== 

Origin of Material  and  Object  of  Investigation: 

On May 31, 1944,  Mr. E. 'i..  Shaw,  Inspecting 

Officer,  Directorate of Tanks and Motor  Transport, Inspec-

tion  Board of the United tangdom and Canada, Ottawa, 

Ontario,  requested (by letter, File  No.  4/10/102/11)  that  a 

quantity  of 60-mm. British armour plate which was  the  being 

proof-tested at the Proof and Development Establishment, 

Valcartier,  Quebec, be given a . thorough  metallurgical 

examination.  The object of this  examination was to correlate 

the mechanical  and metallographic  properties with the 

bailla tic  properties. 



Pai;ia 2  - 

(Oriin  of  Material and Object of  Investieation,  cont'd) 

•  The firines at Valcartier were carried out  at  cold 

(-40 0  to -30°  F.), medium (0° to 20 0  e.), and warm tempera-

tures (60 0  to 80° F.). Armour-piercing shot used consisted 

of 2-pounder, 6-pounder and 75-mm. on the rolled plate  and  of 

2-pounder, 6-pounder  and  37-mm.  on  the cast plate. Further 

information on the ballistic testing may be found in the 

report of the Artillery Proof F.stablishment, Valcartier, Que., 

entitled "Trial of British Armour at Low Temperatures" (V412: 

De  c.  1944), and also in the British Ministry of Supply's Armour 

Branch Report M6088A/4 No. 12, "Low Temperature Ballistic 

Tests on Armour" (Dec. 3ü, 1944). 

Data on Plates: 

Pertinent data on the plates received are listed 

in Table I. 

TAr:ILL  I. 

Plate : 	 • Nominia : MeltIne 
Nos.  •  Manufacturer 	: Co  osition : 	Practice 

• ROLL;ID  PLATES   

1-6 :UnLlish Steel Co.: 	Cr-Mo :Acid Open Hearth 
•• 

7-12 :Calvilles 	 • 	1-;zCr-Ma 	:Basic  Open  Hearth 

13-18  :Firth Brown Cr-.10  :Basic Electric 

10-24 :Firth Brown .  . Low Alloy :Acid Open Hearth 

	

. 	 . 

	

. 	 . 
25-30 :Colvilles .  . Low Alloy :Basic Open Hearth 

: 	 . 

	

. 	 . 

	

31-36 :2.nÉlish  Steel Co.: 	Low :-Illoy :Basic Electria 
: 	 . 

	

. 	 . 

43-48 ,Hadfields 

55-60 'HAdfields 

67-72  :Uadfields 

CAST PLATES'  

Vibrac 45 :Basic Electric 

Cr-Mo : Basic  Electric 

Low Alloy :Basic inectric 

.....•■■■•••••• 

No  mention was made of deoxidizing practice in the 

information received. 
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Emann2ILIPALII!lcA - 

It witef1t that the rather lare expenditure made in 

firing the plates warranted a thorough metallurgical examina-. 

tion, and an extensive program was drawn up. This included 

the following: 

1. Tensile (through thickness) Testa:  Uongaticn, 
reduction in area, yield, and maximum strength. 

2. Izod notched-bar impact, on throueh-plate specimens, 
at -40' F., 00  F. and •room temperature.  • 

3. Hardness surveys through the thickness. 

4. Inclusion counts. 

5, As-quenched L;rain size determinations, to be used 
in Grossman's method of calculating hardena-
bility from chemical composition. (There was 
insufficient material available for end-quench 
tests). 

6. Chemical analyses. 

7. jietallollraphic examination. 

'alth the lure am,Junt af data available t';:,t, -2,rob1om 

resolved itself into one of interpreting the results of the 

mechanical and ballistic tests and subjecting them to statis-

tical analysis. It is with this that the present preliminary 

report deals. Included herein are the mechanical properties 

at room temperaturep . the hardness surveys, and the  inclusion 

counts. 

Mechanical  Teste: 

spe•ione had been cut from the top end bottom: 

of the  original  ingots in both the transverse and  longitudi- 

nal direction.  To eliminate plate-to-plate variations, how-

ever, two through-plate specimens were cut from each sample. 

It was felt that  the through-plate oroperties  would give 

better correlation with the ballistic properties, since both 

are affected by laminations, rolled incluaions and change  in 

hardnese through the  thiekness of the  plate.  Two through-

plate Izod specimens were also made from each  plate. The 

rosults are  shown in Tables II and 

(Continuod  on 1-03xt 
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(E00banical Tests, corttd) 

TJU3L.  I1.  - 

Me. . 	 . 	. 	. 	 . 	. 	 .. 	. 
Spec -: Type Waximum: Y e'd ;,; oncat1on.:1e2==r1r=e7rre.  
men  I  of 	Istrees,:etresa,: per  cent. : of area,: room tempera- 
No.  : Plate :  r.z.i.: p.s.L.:  ir:_1 inch :.per cent: ture, ft-lb.  

PQ1,1,7) 2LAT.1;3. 

= 0  • 
0 

•  0 

É.4  
0 ■••■ M 

H I 

1 

3 

4 

5 

	

16.9 	15.0 

	

9,0 	20.5 

25.ù 10.5 
12.0 20.5 

21.0 
n 

4G.V 

24.6 
14.7 

20.0 
12.0 

	

5.0 	 8.0 

	

6.0 	6.0 

7.5 
4.8 

11.3 
11..3 

6.5 
4.0 

8.0 
8.0 

	

7.5 	16.0 

	

9.0 	17,0  • 

0.6  - 	18.0 
12.5 	14.5 

15.0 
42.0 

16.0 
4303 

15.0 
15.5 

134,000 123,000 
134,000  116,000 

133,400 119,000 
132,000  115,400 

130,400  121,700e 
131,100 113,700 

132.400 116,100 
131,100 114,100 

130,700  112,100 
129,400  110,600 

130  •  COO 
129,400 

115,000 
117,400 

16,0 
16.0 

17.0 
12.0 

16.0 
16.0 

14.0 
14.5 

18.0 
19.0 

19.0 
14.0 

14 

15 
Z  4)  

(5.'  0 e.) 
16 

:1  0 
E4 

17 	c...) 
H  Cl  
rr-4 r.!al ri 

18 

	

30.3 	43.0 

	

35.0 	44,0 

	

35.0 	36.0 

	

19.0 	42.0 

36.5 43.0 
37.5 46.0 

32.0 40.0 
28.7 35.5 

49.0 47.0 
45.7 51.0 

49.1 21.5 
32.3 20.0 

	

137,100 118,100 	13,0 

	

126,00C 	7.5 

	

136,600 122,500 	10.0 

	

136,000 123,400 	10.0 

138,100  124,400 	11.5 
136 0 100 	-- 	U.0 

135,500  125,000 	7.0 
133,90G 125,800 	7.0 

134,000 117,700 	10.0 
124,500 	 •  -- 	12.0 

135,000 121700 	14.5 
155,200  123,000 	13 0 

	

17.7 	17.0 

	

21.0 	25.0 

11.3 	17..5 
20.0 

31.1 

«••■•■••••■• • ■••••••■■•■••••■■•••••••■■•  	 •••■•••••••••111■1111■010111FM111.1•0•Malie....••■•••••••••■■■■•• 

	

6.0 	 G.3 	16.0 

	

5.0 	6.6 	17.5 
114,100 102,000 
114,100 102,100 

110,000 94,700 
110,400 94,000 

109,300 93 ; 000 
104,300  21,300 

112,200  U4,100 
112,200 93,600 

112,350 110,600 
112,200  110,100 

7 

8 o 

9 

.1 
1,0  • 

O 

H 

h 
11 	0 

f-i 

12 

	

118,300 100,300 	7.5 

	

116,500  97,400 	10.0 

•••••••••••■••••••••••■■•••••••■•••••■ 	 ....1••••■• •■■••••••■■••••••■ 

....111•0111T.1.11•0•1111111111■1111•■••• •••«1111.1>IIMMI■ 

i.)robatly high. 

(0ont:'Lllued on next pa0e) 



117,700 08,200 	9.0 	11.3 
104,700 	... 	NU. 	1411 

122,600 106,500 
123,200 106,500 

107,000 90,200 
104,600 100,000 

	

10.0 	17.7 

	

9.0 	14.5 

6.0 
6.0 

6.3 
7.8 

106 i 000 95,200 
'  104,900 06,800 

115,100 111,300 
114,900 107,500 

110,400 109,700 
111,300 111,300 

118,600 109,600 
119,000 111,300 

117,700 104,800 
118,300 103,100 

	

121,900 111,300 	10.0 

	

122,600 114,500 	12.0 

25.4j 
 20.6r 

33.14, 
24.2,  

24.2 
25.8 

24.2 
22.6 

27.3 
32.0 

21.0, 
24.2 

30.0 
30.0 

20.0 
22.0 

40.0 
42.0 

29.5 
34.0 

42.5 
42.0 

21.0 
16.0 

ee, Broke on gauge line. 
e Broke cortside middle third. 

18.0 
14.5 

15.0 
14.0 

12.0 
11.0 

25 

26 

27 

28 

29 

30 

22.5 
22,0 

21.0 
21.0 

15.0 
15.5 

122,200 111,100 
121,300 116,800 

117,100  108,100 
117,500 109,700 

113,900 108,100 
114,500 106,500 

12.0 
11.0 

15.0 
11.0 

13.0 
12.0 

12.0 
12.0 

10.0 
14.0 

31 

32 

33 

34 

35 

36 

8.1 

3.4 
6.4 

1.6 
3.2 

6.0 
5.0 

5.0 

3.0 
1..0 

fra 
4-1  0 

r-I 
rJ ri 

4 

0 
ri 

s--1 
d 

lçe 

0 
f.) 
•  (1; 

135,200 127,000 	4,0 	3.0 

	

10.0 	19.0 cd1 	141,300 128,500 
15.0 
17.0 

	

128,000 115,600 	6.0 	 6.0 

	

125,000 112,500 	3.0 	Boo" 
7.0 
0.0 

6.0 
r, . • 

9.5 
9.5 

11.0 
11.0 

IJarze 5 

(Mechanical Tests, contld) 

Tab11 ..211 RD1ed P1ate (continued) 

nec==rypéri=unn-e---c:1=1.7417==sat on, :um 	 Rouc 
men 	of 	:etress,:streaa,: per cent : of area,: room tempora- 
_NO.  :  plate: 	 p.s.I.: In  1 inch :_per  cent:  ture, ft-lb. 

138,700 127,400 
134,800 122,600 

	

138,700 121,000 	6.0 	14.5 	16.0 

	

127,900 116,100 	6.0 	11.3 	12.0 

	

136,400 120,000 	5.0 	 9 0 5 	15 00 

	

126,400 110,000 	5.0 	9.5 	11.0 

	

142,700 120,000 	12 00 	22.6 	35.0 

	

142,000 122,600 	12.0 	19 00 	12 00 

19 

20 

21 

22 

23 

24 

Cg 

e ri 
F-1 ri 
1st 



(;tecti,:anical Tests., coi:t Id ) -

T^.t;ï.^, I1 T^ -^ Cs1:AL' PI.A'I'':8

rr^ ar. r. ^-aas. -- .sc,cvca^-aasvacra^nzo,

:^^pa^- :'I^,^p® :hiaac^,rratunt^Y eJ.cs orgCZicn, :F'.c^.icr on
men ; of sstress^ :etre<ss, ; per cent :areaA ^ room tfsrri^e:: €i-=

No- : Plate ; prs.{ g. c;oi: in ' . înci_ =pe^çan-; t t^A t^,ib

43A 140,600 1.27,531%'0 14.0 25.8 ti4e0
137,700 116,2:00 11.0 15 01 46 oU

43B 117,7()0 Niâ 2,0 3.2 ^ti0e0m
WA 1.35.o500 122,500 7 0 14^5 3 300

44A 131,2C0 117,,700 16.0 35^5 9 :,Q

44B

45A

^.;

U

WA
ca

1.38,400 122,600 12.0 24.:.' 40.0
137,'700 125s1300 11o0 21.0 11.0.,0

1329900 11vp1G0 â0.0 î2e9 33e0
116,100 Iïi^. 3.0 6.4 42.0

4513 1 122jfiG0 116,100 'r ..0 1405 b 3e0

^ 133,300 12:;,,E300 : 00 19.4 OE300

46A r-4

46B

47A

4713

4g,1

4©B

'b 5A

136,lQo 12ÿ,000 16,10 3 ( .rl 30.0

v

136e1.GU 12y,000 8.0 12^^^ û0.>Û

129,000 114,500 9.0 14.5 48110

139,400 121,000 910 17e7 18,0
141,900 127,400 15.0 ;'9< 0 d;0.0

138,700 122,200 14e0 17^5 64e0
14î„300 127,400 14^0 32.5 38,0

139,000 127,400 1. 1:1.0 32..5 32.0

135,500 1r;5,E'00 8.0 11,3 G8.0

:l34e800 125;,800 1il,s0 16.1 49a<.:
136,1.00 121 ,000 1.5,0 30 e0 4700

134,300 127.,000 :!1<O 21.0 29<,G
:54C)134,80L 113,+^G0 11.0 21.0

130,700 109,300 7.0 1.6.9 23.:0
130,000 116,107 5e0 9.2 2t3o:.

55B ).38,7G0 124,200 15.0 29,^0 30C
139,000 124, 200 a. 5 00 29.0 28.C

56B

5 7A

57D

"

... ,

1,37 .9)0 127,,k'.')00

.; :r
ri

13 7 , 0:)O 122, 5CO

O O V A u e Z i t 0;-

r .0

rI ,:l

S f' in u. 1 c
wb e01

u? ,01

15.0 29.0 42„C>
141.000 11 ►l9rrp0 10e0 14.5 44.0

139,600 122,000 11.0

13.0 ^.: LJ JO

142,V00 127 s 400 16.0

11:3 --:U^.,

45orw9e0

17.7 43.0

„

S Broke outside middle third.

(0orltlnued on next pa6e)



tyecLaanlcat Tests, Conz +d; -

T^ a'vl.o i.^r 1 , "p s û^^̂ te , ; c

,....^..^..,.^..^. .^q^rww,.,^..=..y..y.,. ^^.^,.^^ _._..._ ,^.,
w"pljCi-- T^^ aâ!Q%^

^.l+i.

cr.en
No.

58A 12 E„-,:.00 10s- ,-, C0 600 I6-A 43.0
126,200 104,600 0.0 16.1 42.:0

127, 500 103, 000 12.0 25.8 43.050r, .
^ 128,0U0 10G,500 a.0 25.8 47,0
0

60A

60B

67A

67F3

60rs

68B

69A

: of : stÎlei9ij, : gt.rGSS .. - rza.^.' cent . Q1' a.reQy i roCÏYI:

: plate ë;)o::.i,.; ,ri i per cent: tarê

6!33

70A

703

"lA

718

72A

72£

1ti3.,000 100,000 6^0 8.9 55.0
121,500 100,000 11.0 22.6 e^61. 0

121,300 100,000 xV^C+ 29.0 11 .0
140,600 3.O0,000 llc^0 20.0 48^0

139i000 11.9,'^v0 7.5 11.3 Z2. 0
137,].UU 40C7 8.0 14.5 ^"i a0

:,000 c7o5
148,0C 1M7,^•^0 1IG .0 33.9 t-55 1 0

117,700 100,100 10.0 21.0 155.0
116y100 104,60"• 15^5 38.7 60,0

110,700 96 .,,100 14.0 24.2 f>2o0
104,200 95 ,20:.i 7>0 14.5 52,U

11ii, 67CJ 104 s OQ:? 20 0 43.6 IS 8.0
1166,100 104s8nC) 19.0 43.5 5G^0

10o,r+00 'JV,3CJo xô;,G 41.9 64.0
110,,C00 S>0F40G Iu.0 59,L)

11Fi,700 1G1,fGo 1C,0 45.3 rl6^0
1.1^J p+^t^iC^ 307.9^iJ0 ^£^.Q 46.8 :^G„G

11591UC 1i7^.^ôt}G 1n,U 46a4 66eu
1.].6,1U+^ 3J^,,2GC 15.0 :co6 6900

102RG00 83,000 15.0 32.5 68.0
l02,6500 ij6,^b00 7.0 M 03. 70,C

110Y5GQ
1133^Oo s7,£300 1£;.0 40.9 E:Q

114,9UU ^03,1OG14oï^ 3%: 68^4
1.17,70C 108,000 16.0 41,9 7- C

119,400 3.05,100 15o0
118,000 103yÿ00 19.0

33.9
'1i u4

116,^OG l01,600 7.0
117,EJO 104,&30 4.0 4^8

113,80p 96,200 10.0
112o100 94;600 V,0

8.0

^^,
4Gv 1
12o5

C-7
r1a ►)



(Mechanical Tosts, conttd) 

Hardness radins were taken on throu z,eh-plate  spci- 

mens 5 mm. and 15 mm, from each edge and also in the centra* 

The Rockwell "C" scale was used. In some cases on the cas':: 

plates,  where  porosity was suspected, these readings were 

checked, using a 30,kl1oEram load, on the Vickers hardness 

machine.  The readings .  at the two 15-mm,  pointe  were later 

discarded  as superfluous, as there was little  change  in  hard-

ness from the surface to the centre of the plates.  The  figures 

in Table IV are the  averaGe of at least three readings. 
• 

TABLE IV.  - ROCKWELL  HARDNES 

Plate 	Type 	Rockwell 	'," 	Plate 	Type 	Roc  well 	C 
No. 	of 	Hardness 	 No. 	of 	Hardness 

Plate 	5 mn.  Cent‘e 5 mm. 	 Flate 	mm. Cen,,e 
•••••it 

1 	., 	28.7 	29.7 	30,5 	43A 	 29.3 	28.3 	29.0 
2 	e c; 0 g 	29,0 	29,5 	28.2 	438 	 28,3 	28.2 	28.5 Lo 
3 	C2  C.'  '"I'e  e:Ii• 	29.0 	28.7 	28.5 	44 1 	/4 	25,0 	26.0 	27 4 2 
4 	mti-t ;.4 	;4  27.0 	25.0 	28 4 0 	448 	o 	29.0 	27.5 	19.0 
5 	Ée, o zg  28.7 	23.5 	28.7 	45A 	& 	25.5 	26,0 	2700 

;4 

	

6er343- '3" 4.-1  27.2 	27.2 	27.6 	45B 	m 	27.0 	24.7 	2.6 0 5 ul 4--1 cg 

	

. 	 e • 
7 	m 0 0 	24.7 	23,2 	25. 3 	•  46A 	n 	28.3 	28 0 7 	28.5 

	

0 	. 
8 	0  n n. 	22.6 	210:5 	22.4 	468 	'Li  m 	27.3 	27,7 	27.7 r-4 	I 	0 4 	 r  -4 9 	4'"1 t4 .% 4•3e 	24.0 	23.0 	22,7 	47A 	0 	27.7 	26.7 	.28.0 

10 	4 	IL)  :( .C.; 	20.C) 	21.0 	20.7 	47B 	..-1 

	

ç-q 	28.0 	28,) 	23.0 
I1 	1u.2 	19.9 	39 ,u 	48A 	le 	26 	...) .7 	26. 	',7,0 0 r-4  03  , 	 e 12 	0 	m 	23.3 	25.2 	24.3 	48B  	.te 	28.0 	26 4 327 4 0  

g 13 	0 	27.7 	28.0 	27.2 	55A 	 26.7 	26.4 	27.0 
14 l .S 0 	25.5 	27.5 	27.8 	55B 	P 	28.0 	26 0 5 	....3 re 	i 	 . 
lb 	o 	23.8 	25.5 	26.4 	56A 	T 	28.2 	27.7 	28.3 16e t.4 4› 0 	• 	26,2 	26.2 	26.2 	563 	;.. 	27.8 	26,3 	27.3 ta 17g4 	ea 	23.0 	26.1 	27.6 	• 	57A 	 29.5 	2805 	20.5 .e.e,c.: 	• 	 --2 18 	rI4r4 m 	27 4 0 	20.2 	20.2 	57B 	H 	28.3 	1 27 4 7:.).3 

• 
wr_,3 

19. 	 30.0 	20.5 	27.1 	5CA 	.0  • 	25.3 	24.7 	23.3 ›.› 
20e 	o28.6 	28.7 	29.2 	58B rg n 	25.8 	25.0 	21.6 
214e 	c',..1 tri 	28.7 	20.6 	29.0 	59A 	"-I 	25.2 	21t 5 	20.0 G-1 
22e 	e4, It rs d 	2'3.8 	2a.o 	28.8 	591 	 24.2 	21,3 	c2.0 
23* 	;4 4 M 	• 	26..5 	26.4 	27.6 	GOA 	•

ns 	28.5 	27 6 5 	2e.7 
24e 	K en 'e'l 	28.5 	30.0 	29.7 	COB 	 28.0 	29,) 	;3.5 

25 	›.) 	21.5 	20.8 	21.4 	67A 	 22,2 	21,0 	-c..2 t 
26 	:,?, 	• 	24.0 	22.5 	23.8 	67B 	 17,7 	18,1 	20.0 
27 	e4 " = 	23.3 	18.4 	22.7 	68A 	0 	25.0 	20.7 	‘:3.0 

	

H 	 . 	 ! 28 	,4 	o 	23.7 	19 	 19.2 	183 	22.7 

	

.2 	24.0 	58B 	r-.1 
29 	ei 	1:; 	21.7 	22.7 	23. 0 	69A 	<,. 	23,7 	20.0 	25,2  ' 
30. 	0k..1 	26.5 	20,3 	26.8 	69B 	e 	24,3 	22,2 	è.0.3 v 	 c • 

	

25.7 	2,7 	25.5 	70A 	
F.Ira 

31 	
• ›., 	

6 	23.7 	21,2 	20.3 o o
. 	

VI  CC/ 
32 	e  0 ,1 	. 	.C3 0 5 	213 	20.5 	703 	le 	23.5 	21. 2 	20.3 

H 33. 	0 r-1 e al 	21.4 	19.8 	22.2 	71A 	0 	21.0 	20.  : 	21.3 
34 	1: e e; 	24.1 	22.6 	24,0 	713 	«-i 

	

4.4 	24.0 	21, 3 	23.8 

	

24.5 	21.5 	23,7 	72A 	o 	19.9 	21,0  I e 
36 	rl 	26.0 	23.5 	27.2 	723 	re 	21.7 	21. 	à  3 .0  1 

i 	 I 
alum 	i   

(Plates cracked during firing trial.) 



BRITISH ARMOUR PLATE 

WIR L/M/7" twit? Luer 
1749 (27) 1742 (27) 
FLAK/Na 'Acme FLA/cmc mace 

eo (36)124 (221] 
/PS 	 /SO 

ULTIMATE SreeNary 
1000 

wilt LIfter w/R LIMIT 

1783 	(27) /847 (61) 
F144tm£ FActoR FL9r/N4 FACTOR 

2.0 	(2.1) 1.5 	(22)  

WiR Liter 	w/R Lim ir 

1749 (47) /749 (26) 
Fulevc McfoR FLAtwic 'acne 

3-0 	(/2) 2 	(1  /) 
s 

OLT/MA TE 5 TREN(ZThf 
/000 fli . 

wÀe LIA•17" IN* UNIT 
k /763 (27) 186/ el) 

FLAAw4c MUM° FORMS me« 
2.0 (ta 1.4 (.8) 

..n 	  

w1R chwrr-
tq. 1748 (47) 

A- ote/eVa Platte 

123.o (3-7) 

UL77MATE Snerivarli 
1000 ,os.c 

vvIR ufter vvIR umn- 
1763 (31) 1850 (59) 
eankc fAcTOR fLAemcFACToR 
P.O (i.8) 1.5 	(í3) 

44 

Le, 
e. wfr 

e41 (30) 
Asti.« 'dome 
23 (2.4)i • 

iS0 /00 

ROLLED PLATES 

6 POR. AT 30 -(sommez TEmPERATuRE) 

so 

*FIGURES 7/*/ BRACKETS REPRESENT STANDARD ERRORS 
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(Mechanical Tests, conttd) 

Three scatter ?lots were made for 

Ultiatc strenth vas  used as 

per cent elonation, per  cent  reduction in 

eV 

cast plates. 

both rolled and 

abocissu while 

area,  end izod 

Impact strength wore used as ordinates. These 

then d7p1it horizontally and verticely and the 

plots  were 

av.eraile  bL- 

liatic  unit  for each resulting section was calculated.  The 

same procedure was followed usine)  the flakizig.  factor.  itesults 

are shown in •Pit,ure 1. 

1re 

CHART ..,i.OWING CU1R-1.tTIO, JP b..:.LI3TIC LIMITS 
AND 1,.::.CdANICAL ?1tiJP2aTIS. 

limits are f•.e% C-pounder at 30° angle. 

Note:  The velocities shoen here  are the ballistic 
limits as corrected to 60-mm. thickness by 
a straight proportion method. The D.P.D. 
standard  Curve would give a ve).00ity or  • 
approxtuately 1830f.s.  for  a 6G-mm. plate. 

■••• 

.  The fit;ures for the ballistic limits are those  for 

6-peundor 	shot nt ZV)  an1A or attack cànC are taken 

fro:1  ?able VII or "Trtal of Britiah nrmour•at Low  Terapcsrature" 

(irtillery  Proof .£stablishment, Valcartler,  Que.,  uocersbrr,  1C44 

The 	 fl)r the G-pQunder  attIck 	:.(3° wore used  In 

the  correlatioli. work.. Thio w.s dn  îr 1 number  of  reasons, 

of 	che followin F.-re t'ne more imortunt: 

t1071 



(Mechanical 2est, Cont , d) 

1. More plates were tested in this shoot. 

2, tore shots were fired at eech plate to 
get the :J/R limit,tbus Giving more 
reliable values for the flaking factor. 

3. The method of correcting W/R limits to 60-mm. 
thickness which was used gave the least deviation 
from results ebtained from specified correction 
methods (in this case; OB Proc. 14981). 

Pieure 1 indicates quite plainly that higher 

mechanical properties result in better ballistic properties. 

No correlation could be obtained from the cast plates as the 

range of ballistic limits was very small and consequently, 

with the small number of results available, no significant 

difference between the cast plates could be found.  The Vibrac 

45 und lk Cr-Mo plates had similar  properties. The low-alloy 

plates had lower valuen of tensile and yield streneth  as well 

as core hardness, with higher Isod values, per cent  elonga-

tion  and per cent reduction in area. The averages for  these 

three  groups  were not significantly different. They  were 

as follows: 

Ft./sec. 

Group  

Vibrac 45 	- - 	1644 

Cr-Uo 	 1661 

Low Alloy 	 1670 

411.111I 

Table V lista the average ballistic  limits and 

the standard  deviations for each group of  Rolled Plates. 

(Continued on next page) 
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(Mechanical Tests, contid) 

TABLE V. 

Manufacturer : 

Numincsamurnevenanimmeree: 

Firth Brown : 

PereenT= N07011 :AVERAGE :3  ANDARD 
Method :COMPOSITION:PLATES:en LIMIT:DEVIATION 

imour-nœtzler—exage---7-re===-A • 

B.M.  z 14 Cr-Mo : 	4 : 1883 	:  54.1 
• • • • 

E . S. C. 

Colvilles 	: 

E. 	C. 

Firth Brown : 

Colvilles 

	

A.J.H.: 14 Cr-Mo : 	6 : 1817 	 :  39.2 

	

B.O.H.: 11 Cr-Mo  : 	4 : 1780 	:  28.5 

	

B.E, : Low Alloy : 	4 : 1763 	: 30.6 

	

A.O.H.: Loie Alloy  : 	4 : 1731 	: 16• 7 

	

B.001i.: Low Alloy  : 	4 : 1721 	:  36.3 

All Low Alloy Plates 

All  l Cr-Mo Platet 

•• 	•• 
12 : 1738 	: 36,3 

: 14  :  1827 	:  47.1 

■•••■ 

In order to estimateWaether sampling variations 

alone would account for the differences in ballistic limits, 

the  significance of the difference was checked by statistical 

analysis (see Appendix I for method used). 

It was found that the plates could be divided into 

four  distinct groups according to their ballistic limits. 

These were: 

1. . Firth Brown 	Basic Electric 	14 Cr-M0 

2. L.S.C. 	 Acid Open Hearth 1-k  Cr-Mo 

3. (Colvilles 	basic Open Hearth 14 Cr-Mo 
basic Electric 	Low Alloy 

4. (Firth Brown 	Acid Open Hearth Low Alloy 
(Colvilles 	basic Open Hearth Low Alloy 

The lt Cr-Ko piatoà - as a group were definitely 

superior to low-alloy plates. It is interesting to note that 

Basic  Electric waa the beat, followed by Acid Open  Hearth and 

Basic Open  Hearth in that order, for plates of both alloy com-

positions. 

One  fundamental difference between the  various 



Wit--- -.:b..11.■"" 

4 a 

e 

(Mechanical Tests, conted) 

groups of rolled plates was that the properties of the  Firth 

Brown  l Cr-ro  were the most uniform. This would indicate  a 

greater degree of control in the manufacturing process( 

•••■•■•■ 

Inclusion Ratinw 

Inclusion ratinz, using the recommended A.S.T..  pro-

cedure (A.S.T.M.designatlon: E 45), showed very lii;tle differ-

enne b8twacin the plates, either rzlled or c.arit, as all plates 

were vsocy clear.. Another  mn  s of comparing  Inclusion contents 

Will possibly  have  to be devised. An almost complete absence 

of sulphide and silicate inclusions from  the rolled plate was 

noted. Absence of sulpIlide  inclusions and  the presence of mod-

erate amounts of alumina would seem to indicate that  the steels 

were deoxidized with  aluminium. 

The grain  size, which will be included with the hard-

enebility in a subsequent report, was practically the  same  in 

all samples examined to date, being  4*  tu  5*  (according to the 

A.S.T.M, grain  size chart). 

Macro-examination: 

Through-plate sections were macro-ethed  in 50:50 . 

 HC1-water solution.  Photographs were taken  of typical plates 

from each group  and  also  of  exceptional  plates. The rolled 

plates are shown in  Figures 2,  3  and 4, 

Fieire 2. 

MAUO-II:TCMISD SECTI.J1 	RUIAÏ.7-; YLAUS 	4, e3  AND  15. 

(Approxime -Ly  5/5 full size. 



20 26 33 

31 25 
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(Maoro-Examination, conted) 

Figure  3. 

MACRO-ETCHED  SECTIONS OF PLATES NOS. 20, 26 AND 33. 

(Approximately 5/6 full size). 

Fiure 4. 

MACRO-ETCHED  SECTION OF ROLLED PLATED NOS. 31 AND 25. 

(Approximately 5/6 full size). 

Plate No. 25 showed a number of deep pits. Plate 

No. 31 showed pits near the surface, which might indicate 

poor cropping before rolling. The pits in Plate No. 25 were 

due to segregation of both the inclusions and the alloy  content. 

(Continued on next page) 



-2ae 14 - 

(Macro-xamination, conttd) 

It was rathe-. divf;r1t tc 	 f.:;.)m the 

cast  plai;e3 	m;;.gh'.:, • 11Ed 	 aa the denclritic 

structura varied btween . i.Aren t'ao two plates cut from the 

same loop castin. Th3 three plates shown in Figure 5 may 

be taken as represente,tive, however, with the exception of 

the surface defects shown which occurred only in these three 

samples. 

Figure  5. 

47A 4713 	7/5 

MACRO-ETCHED SECTIONS OF CAST PLATES. 

Dendritic structure is repreaentative 
but surface defects are not. 

(Approxizaately 2/3 full size). 

Conclusions:  

1. Through-plate mechanical properties correlata 

very well with ballistic properties of rolled plate. 

2. Those rolled  plates with the  highest through-

plate mechanical properties were  the best ballistically, 

3. The variation in ballistic limits for the cast 

plates was too small to obtain any statistically significant 

correlations. Further  investietion . may uncover a variable 

more closely related to the  ballistic properties. 

4. The rolled pletes could be divided into four 

(Continued on next page) 
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(Conclusioms cont'd) - 

distinct grobps accordine, to their 1.1cetic 

a) Firth  Brown 1*  Cr-Mo Basic M.ectric 

b) E.  S. C. 	111, Cr-Mo 	Acid Open Hearth 

c) (Colvilles 	, Cr-Mo Besic  Open Hearth 
(E. S. C. 	Low Alloy 3asio Electric 

d) (Firth Brown Low Allo:/-  Acid Open Hearth 
Low Alloy assio Open H9arth 

5. There was little drop in hardneas from surface 

to centre . in any of the plates. 

6. Variations in meltin& practice (timt at heat, 

etc.) may be the cLuse of differences between various É;roups 

of  rolled plates but the  cielificance,  While not conclusive 

proof of  the muperiority of  ery one teoup cf plates,  is such 

that further investisation is t:erranted. 

0000000000 
000000  . 

00 

TCH:LB. 



-  Page  1S - 

APPENDIX I. 

In connection with  the  statistical analysis, tho 

following methods were used: 

Standard Devie.tion 	a- 	r x   
N 

vthere X = 	limit of any individual plate. 

= average VP, limit for  a  group  of  plates 

N = number of plates in group. 

Standard Deviation of an average = 071. = 

•••• 

Significance = t = 

Figures for significance were taken from  standard 

tables giving areas under the normal  cu.„-me  of  error. 

TCH:LB. 



BRITISH ARMOUR PLATE 
ROLLED  PLATES 

2  POP.  Ar NORMAL (SUMMER TEMPERATURE) 

SAL LIMIT 	BALLIMIT 
DirrEarnicc 	DIFFERENCE 

-4 	(44) .59 	(55) 
FLAI.INC. FACTOR FL AKINa FACTOR 

2-5 	(1 .3)  2.8 	(1.2) 

SAL. LIMIT 	BALL IMIT 
DIFFERENCE DIFFERENCE 

42 	(40 	*10 	(31) 
FLAKING. FACTOR FLAk.ING. FACTOR 

3.1 	(fee 53 	(/ 2) 
.X 

sreEnicr)-/ 
,000  psi 

ou 	 .25 	 150 
VLT/MATE Si-RE/very 

/xo 

BAL.LI  MIT 	BAL.LIMIT 
oirrERCNCE 	DFFE RENCE 

-4 	(33) .66 	(27) 
F,AKING FACTOZ 	FLAKING FACTOR 

es 	(/  3) 28 	(1.2) 

f3AL.L. IMIT 	BAL.LIMIT 
DIFFERENCE 	DIFFER.ENCE 

#2 	(41) 	-2 	(39) 
FLAKING. FACTOR FLAKING FACTOR 

3-1 	(1.8) 	51 	(1.4) 

40 

EAL.LimiT 	BAL-LtMIT 
DIFFERENGC DIFFERENCE 

-3 	(30.5) .56 (575) 
FLAK IKG. FACTOR 	FLAKiNG. 'ACTOR 

2.9 (/ 5) 2.1 	(0 8) 

BAL. LIMIT 	BAL. LIMIT 
DIFFERENCE DIFFERENCE 

.3 	(39 •8) .22 	(24.3) 
FLAKING FACTOR FLAKING FMK* 

2 9 	('.9)  56 	('.3)  
/ad) 	 /21 

L/LTIMArt-  snznverH 
occ DS, 

13AL. cm4/7 -  oirrewNec - ASSESSED BAL.Lef/T- /TM( ek-cvnto BAL. LIMIT 

"r/coRes /11, BRACK( TS REPRESENT -STANDARD ERRORS 

I ,  
4 

4 (I) 

1.■.:  /9 

()L,, 

o 

7 k 

1.1 

• 1 9  - 

:UTL'NDIX II. 

The procedure unad in c:bteinins the  chart in 

Pure  I  vas  repeated, usini.; the ballistic limits from  the 

2-pounder and 75-ni.  trials at suriumer temperature. In thi.J 

case, however, the assessed values of  the  ballistic lialits 

were used ,.  The differences betwercn thes3 values and  te 

required ballistic limits, aa sp...a)ified by either IT  3. 

AXS  438 rev. 2, were then marked on the chart as either 

positive or neative numbers. These tws Charts'are shown 

below, in Figures 6 and 7, 

111£.3z1j. , 

THULUG.1-11.A1 	 Ni)‘d I;ALLI. TIC ReSUL2S 
PROM :,-DOTATIDUR AT ki‘Ji.kAL TII 	T Thr.i 	THIZERïTUR.:. 

;,Centim42U vu next pae,e) 
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r^l.uX'e 7<

BRITISH 4RA40UR PLATE
ROLL £D PLATES

73mm. AT NORMAL (SUMY4IER T£MP£RATUR£)

u

dAL.LIMIT BAL.LIMIT
DIFFERENCC OFTERENCE

44 (12) 95 (37)
►LAKWG FACTOR FLAKIN/G FACTOR

1.9 (aic) 2-6 (o-6)
6ALLIMIT BAL.LIMfF
DIFFERENCE DIFFERENCE

(63) •l0 (15)
FLAKINQ FACTOR FLAKNG FACTOR

-8 (o.7) 17 (1.4
,00 'd02S id0

ULT/MATE STQENGTH
tao pai.

BAL.LIMIT BALLIMIT
DIFFERENCE DIFFERENCE

+44 (17) -92 (34)
FLAKING FACTOR FLAKING FACTOR

19 (a4) 2.7 (0.7)
6AL. LIMIT BAL.LIMIT
DIFFERENCE DIFFERENCE

•50 (63) ^19 (i2)
FLAKIAIG FACTOR FLAKING FACTUR

3-8 (o.7) 2.7 (0-3)

40

0
00

ULT/MATE 129 STRENGTH ^10
ao0 psi

45

0

fiAL.LIMIT
DIfFERENCE

BAL.LIMiT
DIffERENCE

*(>D (/0) 1/08 (31)
FLAKIMG FACTOR fLNC1AIC FACTOR

2.4 (,/) 2.3 (a4)
BAL. LIMIT BAL. LIMIT
DIFFERENCE DiFFERENCE

- 46 (50) 29 (22)
FLAKNJC FACTOR FLAI.INC FACM

3•7 (0.7) 3.1 (0.6)
/00 rt!

ULT/MATE .STRENGTH
= pt:.

BAL. L/M/T D/f'rERENCE - ASSESS£D BAL. L/M/T - AXS4Ei9 Rtr. 2 R£QUlR[M£NT
'FjCURfS /NBRACKCTS REPRES£NT STANDARD ERRORS

Xf3U:'4,'R,'!'I^^3 A:D BALWIS`I'10 HiSSULTS
FROM SUIti"tTZBER TETûPERr1T;^iE^ TRIAL OF AT NORMAL

TRIAL.

Apparently the 75-rr.rrL, trial is not as severe as

either the 2-pounder or the 6-povxZdar triai_ It will be

noted that the lowest bal?_3.stic ilrr.ltg occur in the upper

left-hand corner o' the cha-^t In the "A.-; eur.dEr trial and In

the lower right-hand corner Cor the 75-rnm. This would seem

to bear out the frxc t that tho ::-pounder is predom.inantly a

test of. hardr.ess (and thus tensi.ie gtrength), whi;.e the

75-rum^ is affected more by ciucai.l.ity.

Ottawa, ont.
April 16, 1945^
TCH: LB


