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Abstract 

Eighty-three (83) samples of 1;1--1n °  rolled 
armour plate were received for examination, together 
with ballistic and metallurgical reports, 

The accuracy of ballistic limit tests varies 
from 2 10 to f 35 feet per second °  

The nature and extent of variation of ballistic 
and metallurgical tests and results are described 
graphically °  The correlation between ballistic and 
some chemical and physical testa is proven to exist °  

Variation in through-plate tensile properties e 
 "n" values, inclusion ratings e  decarburization e  grain 

size e  and microstructure are depicted graphically. 
It is pointed out that proeess levels were shifted 
several  tintes  during the period of investigation. 

Through-plate reduction in area is shown to 
correlate with ballistic properties, 

Deeper decarburization is shown to coincide 
with higher ballistic limits, 

Cracking on the back of the armour is shown 
to be correltIted with inclusion rating °  

(7rain size and microstructure are found to be 
very closely controlled °  This indicates that melting 
method and deoxidation practice have been consistent, 

2====== 
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SECTION ONE, - INTRODUCTION. 

When an industrial process is in operation, as  a 

rule the experimental method of research cennot be used, 

because usually the many variables of the process cannot be 

maintained constant while  one  variable is altered,, It 

therefore becomes necessary to find out the  effect  ofcmevarfafae 

on quality even though all  the  other variables are varying  within 
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(Introduction, contld) 

their usual limits.  The idea  that such a procedure was 

possible was  melieghed hy eKi1r1 Daeves  around 1924. 

A considerable  number of the  large industries in 

the U.S.A., Canada and Great Britain  are  using statistical 

procedures to study  their  on  operations,  Information of 

practical value Is to be found In the test  recorda of war 

materials. This report gives information available in 

routine ballistic  reporte 'of l.-in.,  armour plate. 

Origin  of Project and Purpose of Investigation: 

This report  is a part of the 1943 research work on 

armour plate undertaken by  the  Physical Metallurgy Research 

Laboratories of the Bureal} of Mineet o 	imples were obtained 

through the assistance of Dr. C. W. Drury, Director of 

Metallurgy, Army Engineering Design Branch, Department of 

Munitions and Supply, Ottawa, Ontario, and Mr. H.  L. Battons  

T 0 0 0 , for A.D. Tech(M), Inspection Board of United Kingdom 

and Canada, Ottawa, Ontario. Data supplied for 

Dominion Foundries and Steel rolled armour plate, including 

chemical analysis and physical and ballistic test results, 

were used in the present Investigation. 

Additional metallurgical tests an the above samples 

were made in these Laboratoriea. 
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SECTION  T'âO,  Variation  in Chemical and Ph steal 
Armour ate, 

onen of Data:  

The ballistic reports on Plates R-1 to R-83 included 

chemical end physical test results, These results were placed 

in groups of 4 (Set APPendiz Ar. 

Method of PresenlineDell: 

The method of obtaining a graphic picture of a 

manufacturing  process e  recommended by the American Society for 

Testing Materials »  is the Quality Control  Chart e  

The tests  were placed in groups of f6ur  and the 

average and range  of  each group were plotted, The control 

limits on the  chart  indicate the limita  Whiàh ara  character-

istic for  the process,  If a  value exceeds the control limits 

it Is a  certain proof that there was present an  assignable 

cause for  that  variation °  The  control  limits are generally 

used  as indication of  the need  for corrective action. 

A  controlled process will  have test  results which 

fluctuate above and below the  average so frequently that runs  . 

of  six  or  more consecutive values above or below  average 

rarely occur, A run of six or more »  therefore »  is indicative 

that  the process average  has  shifted.  In 20 groups  the normal 

expectancy is  12 runs,  On each of the  charts  the number or 

runs is indicated, 

(Four charts, Figures 1 to 4) 
(  constitute Pages 5 to 8. ) 
( Comments on charts appear ) 
(  on  next page. 



Carbon 
Manganese 
Elongation 
Izod 

Molybdenum 
Chromium 
Yield 
Hardness 
Hardenability 

•  Peed 4 - 

Comments  on Charts  (Figures 1 to 4): 

In the case of manganese, the first twelve average 

values fall below the general average for the process °  This 

is sufficient evidence to prove that the average manganese 

was deliberately shifted at or about Group 12 Vertical lines 

on the control charts indicate the approximate times the 

changes were made in the metallurgical process °  

The alloy content of the steel was reduced at about 

Group 9 °  This reduced the hardenability of the steel from an 

average Grossman value of 9 to an average Grossman value of 8, 

The chart for Izod impact values illustrates very 

clearly that 3 different heat-treating methode were ueed during 

this period, The first method took in approximately Groups 

1-9; the second, Groupo 10-14; and the tleird ?  Groupe 15 and  onr.  

It is interesting to notice that runs in the metal-

lurgical properties coincide with runs in the ballistic pro-

perties °  

Pace damage, back damage, and ballistic limit are below 

average from Group 14 to Groups 20 (see Report of Investigation 

No t, 1537, Figures 4, Gand2)0 Metallurgical tests that coincide 

with this run of' low quality are: 

Above  Average 	Below Averam.  

A guess as to why the ballistic propertlee dropped 

off is that the reduction in hardenability was not offset by 

a change In  heat treatment and that, therefore ?  softer plate 

was made. 
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D 

Conclusions: 

The variation in chemical and physical properties 

which is characteristic of the manufacture of ll-in,armour 

plate has been shown graphically °  This will  serve ,as a  guide 

for comparison with future operations, 

During the period under investigation there were 

several changes made in the process of melting and heat 

treatment °  The test values whoso average àhifted were: 

Carbon 
Manganese 
Chromium 
Molybdenum 
Hardenability 

Elongation 
Tensile strength 
Yield strength 
Tensile minus yield 
Impact strength 

The drop in ballistic limit coincided with a drop 

in hardenability and tensile strength, 

arinrerme 

110•••••••••fts 
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SECTIONIMEn.- Correlation Between Ballistic Limit  and 
MetallurK,ical Projoerties of  l.nth Armour  Plate. 

Physical ProPerties: 

In Report of Investigation No. 1537 (December 4th„ 

1943) 0  entitled "A New Method of Determining the Projectile 

Penetration Resistance of Armour Plate„" the correlation 

between physical tests and ballistic properties was shown. 

Optimum physical properties, so far as ballistic limit is 

concerned, are as follows: 

Yield strength 	- 
Impact 	 - 
Tensile strength . 
Brinell hardnese 

52.8-57.1 tons/sq.in, 
46-76 ft-lb. 
523-65.1 tons/sq.in, 
281-289, 

2Lselan_Enamn11121 
The charts on Pages 12, 13 and 14 show the relatiOn-

ships between chemical and ballistic limit tests. 

The information was first put in scatterplot form e  

Half of the ballistic limit values were above 1360 ft./sec. 

The Chemical test values were divided .into three 

approximately equal groups 0  

were as follows: 

For example, phosphorus results 

Phosphorus 
range  

0.014-0.020 
0.021-0.024 
•0.025-0.035  

Number 
of results 
above 1360 
D0/sec.  , 

14 
21 
7 

Number 
of results 
below 1360 
ft 'sec 

11 
14 
15 

Per cent 
of results 
above 1360 
• 1t 0 /sec,.  

56 
60 
32 

The results which appearad to be significant according 

to the Chi Square test are (Appendix B, Chi Square explanation, 

pp. 38-41): 

- 0014-0.024. 
0.016-0,022. 

- 0 0 206-0.217. 
• O-0 42.  

(Continued on  next  Page) 

...aement 
.  Manganese 
Silicon 
Phosphorus 
Sulphur 
Chromium 
Molybdenum 

Optimum Range  
- 0,50-0.64. 
- 0 0 15.0 0 28 and 0 0 33-0.35. 
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(Chemical Properties, contd) 

There is also  an indication that hardenability should 

not be below 9 on the  Grossman scale, 

Since  the  process was changed  severe. times  during 

the  period investigated, a correlation might occur because  a 

run of  high  test values coincided with  a change in the process .  

The  process  change  may  hava been the causative agent ;  and the 

chemical  test  value merely a coincident phenomena, 

It is readily apparent that variation in chemical 

analysis within  the  range  examined is not a sijaficant source 

of  variation of ballistic properties, 	Physical tests are 

much  more  closely related tc ballistic linits, 

( 	Pages 12, 13 and 14 are ) 
(charts mentioned on Page 10.) 



100 
0, 

o 
(f) 
,r) 

7 

50 

LQ 

t!) 

0 

‹  • 

0 

as 

ty 

MM. 

55-70 	73-75 76-110 

Phosphorus ;Julphur Nickel 

100  ■■■■•••■•••■•••■•• •■•■••■■■•••■••■•■111 
› 

. 	 • 

0 
(0 

*, 

50 

V 
› 

0 
25 

	

e 	 7 
ti 

cd 1  

4.3 
.-, 
— 

0 
o 

	

.  ;„ 	
0  ___ o 

	

cl.. 	 14-20 	21-24 	25-35 

0 

• 100 
0 

0.1 
0 

(.4 

0 

r-t 
75 

4., 

• 50 

r^4 
r-{ 

0 
25 

0 
• • 

a. 25-39 16-2.12 23-24 

(Relationship between  Chemical Properties and  Ballistic Limit)  - 



100 

75 

25 

4à 

4 

0 

50 

r-1 

25 

75 

1
3

6
(
)
 f
,

p
.
s
.  

100 

. 	 . 

I 	 to 

1 
o 
o 

	  s.4 	0 	1   
o 

180-05 '06-217 	218-244 	 2-26 	27.•u1 

' 100 

te 

75 

5 

4 

C.) 

CP1 	i 

-1 

CO 

I 0  › 
o 
e  2 
‹f! 
e 
.r) 
cii 
4.3 

! 

0 
	  0 
32-4 	P.4 	 8-8 .9=11 

Chromium ,olybdenum 	 Hardenability  Number 

(Relationship between Chemical Properties and Ballistic Limit, contld) 



cl 

0 

tr.) 
r•- ; 

le
r
c
e
n
ta

t;
e  
A
b
o
v
e
  
B
a
l
l
i
s
t
ic
  

6i)-ca Pe
r
ce
n
t
a
g
e  
A
bo

ve
  
B
a
l
li
s
t
ic

  
L
Ln

i
t  
1
3
6
0
 f
o
p
.
e
o
  

13728 
'-" ,. ■•••• 

100 

75 

25 

l'
er

c
e
n
t
a
g
e  

A
b
o
ve
  
B
a
l
li

s
t
i
c
  
L
i
m
i
t
 1
3
6
0
 f,

po
se
  

100 

75 

50 

25 

Oarbon Aanenese Silicon 

(Relationship between Chemical Properties and Ballistic Limit, cont , C) 



- Page 15 - 

Conclusions: 

Optimum physical properties for 11-in, armour (se far 

as ballistic limit is concerned) have been given in Report of 

Investigation No. 1537. '23-ley are as follows: 

Yield strength 
Tenelle strength 
Impact 
3r1ne11 hardness 

- 52,6-57-1 tons/sq.in. 
- 48-76 ft-lb, 
• 59 a 3-65,1 tonsisq.in. 
- 281.,289. 

With respect to the chemical analysis of armour plate 

the following general conclusions, which are tentative and may 

be changed when more information becomes available, have been 

drawn from this and other work: 

1, iulphur and phosphorue usually correlate with ballistic 
limit because their variation is a reflection or variation 
in melting practice 

2, An optimum range for carbon content appears to be 
0,28-0,32 per cent, 

3. Over 2.50 per cent chromium is undesirable, Ballistic 
- limit dropel off above this value, due to  the  embrittling 

effect of undissolved carbides. 

4 .  Under 0.25 per cent molybdenum, there is a possibility 
that armour may be temper brittle, 

5, bove 0.65 per cent molybdenum, ballistic limit  falls 
off, due to undissolved carbides, 

6, Grossman hardenability is correlated to ballistic limit 

7, Manganese, silicon, nickel, chromium, and molybdenum 
do not usually correlate with ballietic limit„ This  is 
because any effect they exert on armour properties  is 
through their effect on hardenability, 

8, No evidence has been advanced to show that there is any 
- superior combination of alloys for armour. The wiae 

variety of analyses used  by  various armour makers testi-
fies to this statement, Iach manufacturer has arrived 
at an analysis with which ho on  successfully make 
armour. The analysis suits the equipment available and 
the methods usedc 

••••••■••■•••■•••••••••••• 
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SECTION POUR. - Throur,h-Flate T4nsile Tests
- 
 on  lnch 

Appendix C, on Page 42, shows the plate numbers 

from R-3 to R-45 arranged in groupa of 2. From each of these 

plates, three test pieces were taken so that their length was 

the thickness of the plate, The cross-section area of the 

test specimena was 0.02 square inch. A i-in, gauge length was 

used for the elongation and reduction of area measurements. 

The physical test results obtained were plotted in 

groups of six, The groups comprised the plates ihown in Appen-

dix  "C".  The nature of the "N" value test is described in 

Appendix "D", Page 43. 

Commenta?  

Groups  2  to 8 inclusive have a below-average run in 

ballistic limit  and  also in reduction of area, It has been 

pointed  out  by other observers that through-plate reduction of 

area is correlated to ballistic limit, 

The properties Which are not controlled to a constant 

level of quality are: 

Ballistic limit, 
Reduction of area, 
Back damage factor, 
Inclusion rating, 

Limits within which other properties of the armour 

normally fall are indicated on the following charts, Figures 5, 

6, 7  and  8. 

( Figures 5 to 8, -clUni7- , 
( e°11 °w  on_ntelt_11_12jLql..) 
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5SCTION FIVE„ - iielationship of Decarburization  
----to  entstic- Limit„ 

Method; 

Specimens were examined microscopically, at 100 

diameters, but the decarburization merged into the centrai 

structure of the steel so gradually that it was difficult to 

obtain a definite line of demarcation, The photomicrograph, 

Figure 9, shows the difficulty of microscopic measurement, 

It was decided, therefore, to measure decarburiza-

tion by taking hardneas readings from the outer edge towzrc:.s 

the centre. These results  were  plotted and the point at Which 

the curve flattened out was taken as depth of decarburization, 

Figure 10 indicates how the hardness results were plotted, 

Decarburization  Correlated to  Back Crackage: 

Plates on which no cracking occurs when the bulge 

on the back is ?e-in, high are listed as "good". Plates on 

which cracks appear when the bulge on the back is i-in, are 

listed as "bad".  The depth of decarburization  of a set of 

d good" and of "bad" plates is given in Table I, 

TABLE I. 

Depth of 
décarburization 
°I....2£22°11 _21A111 

Depth of 
decarburization 
of "bad" plates  

16,5 x 0 3 1 mm„ 	15 0 5 x 0,1 mm, 
15,0 x " 	9 	14.0  x  " 	9 
15 0 0 x " 	9 	15,0 x " 	9 
21,5 x " 	9 	14,0  x  " 	tt 
16,0 x " 	9 	12.5  x  " 	9 
14.5 x " 	9 	16,0  x " 	" 
15,0 x " 	9 	12.0 x  " 	9 
17 0 5 x " 	9 	16,0 x " 	" 
16 0 5 x " 	tt 	15.0  x  " 	9 
13,5 x " 	9 	13,5 x " 	9 
14.5 x " 	9 	14,0 x " 	9 
13.5 x " 	9 	14,5  x  " 	9 
14,0 x " 	9 	11,0  x  " 	9 

The analysis of variance technique (see Appendix U, 

on Page  44)  shows  that there is  a significant  difference in  the 
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(Decarburization  Correlated to Back Crackage e  contld) 

decarburization  of the  "good" and the "bad" plates. Therefore, 

it.may be stated that  dceper decarburization is a  characteristic 

cf  he t-tter armour plates, 

Decarburization  Correlated to Ballistic Limit: 

Figure 11 represents the scatterplot showing  decarb-

urization  and ballistic limit  values.  It  le  evident from  the 

analyses of this  data that higher  ballistic limits  are  character 

ietic on the more  deeply decarburized plates. 

Figure  9, 

X100 e  nital otch„ 
Note difficulty  in  determining line or 
demarcation of decarburization zone, 

• 111•11 

Figure 10. 

O/SroglIKI flOPPourez (Ode** all O. I P7 1.7 

The point at  Which curved portion meets the base  line 
gives  a  measure of  depth  of decarburizatiou. 
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(Decarburization Correlated to Ballistic Limit, contld, 

Figure 11. 

•000 

Conclusions: 

Since decarburization is closely associated with 

two desirable characteristics of armour plate (back crackage 

and ballistic limit), investigations should be made to find 

out how some use can be made of this information. 

Tho advantage of decarburization has been commercially 

exploited by the National Armour Co o „ Indiana, Armour made and 

decarburized by the Follansbee Steel Co. is heat-treated by the 

above concern. Higher ballistic limits are obtained than from 

any other armour source. The reasons for the superiority of 

decarburized armour may be: 

(a) The longer the armour is in the furnace the greater 
is the depth of decarburization. Furnace time may 
be the deciding factor. 

(h) The higher temperature of the furnace, the better  the 
armour. The deeper decarburization Is merely 
coincidental. 

(c) The soft, ductile skin on the back of the armour  plate 
may be the controlling factor,  , 

(Continued on next page) 
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(Concluslons o  cont'd 

It is generally assumed that a soft surface on the 

front of armour plate will assist the projectile. 

This information on decarburization should be further 

clarified by experimental work. 

•■••■■••••••••■•■•••••• 
megre•••••■•••••••■•••■••••••• 
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SECTION 81X, - Relationship Between Inclusions 
es, 

Method: 

Specimens from forty-five (45) consecutive heats 

were hardened, poliihed, and then examined at,100 diameters, 

The rating system used was that of the American Society for 

Testing Materials, It was found that samples could be placed 

in three groupe, viz., 

Group , 	ASTM rating of 1 0 0 - 1,4 

group 2  . Aell rating of 1,5 - 1.9, 

Group 3, 	ASTM rating of 2,0 and up, 

By takin .g ten readings on each specimen an average 

representative figure was derived for each sample, 

Inclusions  as Correlated to  Brick Omer e: 

As previously mentioned, armour plates were divided 

into "good" and "bad", "good" plates being the ones on, which 

1-in 0  bulges appeared on the back without any cracks, A 

comparison of inclusion ratings with "good" and "bad" plates 

is given in Table II. 

TABLE II. 

TEUTnIon Ran e 	TI 4 T1 0 5 - 1 0 9 : 2,0 - -U- 
. 	 • 

Ballistic 	 Good, : 	3 Good e  : I Good, 
Properties 	4 Bad, : 	2 Bad. : 9 Bad, 

• • • 

These results significantly indicate that the cleanli-

ness of the steel is closely related to the formation of cracks 

on the back of the plate, 



-  lage 

Inclusions  As Related to Ballistics: 

TABLE IIIn 

Iultàleges  : 1 7-7I-I4 IZI;5 EJZIZILZ:Fg 
Average ballistic : 
limit, in ft,/sece, 1369 	: 	1368 

These results only indicate that possibly a larger 

number  of tests would show a definite relationship between 

ballistic limit and number of inclusions, 

Correlation to Phypical_Properties: 

It was not possible to find any significant relation-

ship between inclusions and through-plate tensile, elongation, 

or  reduction of area, This is evidence of the cleanliness of 

the steel, for it has been previously discovered that inclusions 

have a marked effect in varying throligh-plate tensile tests, 

Type of Inclusions: 

Figures 12 9  13 and 14 are Photomicrographs showing 

the appearance of the inclusions, at 100 diameters, 

A closer examination of the inclusions, at 2000 

diameters, showed that grey elongated inclusions were the 

type most prominent in all specimens, ;See Figure 14) 

With reference to the scheme for etching indenti-

fication tests of inclusions, as shown in Metals Handbook, 

a means for a more accurate classification was determined,. 

The inclusions were found to darken under a 10 per cent nital 

etch and to be removed by a 5 minute 10 per cent chromic 

-  acid etch,. This gave sufficient evidence to prove that 

sulphides  and oxides of manganese and iron were the tYpical 

inclusions, 

: 	1362 



conclusion and  Recommendation: 

The appearance of cracks has, therefore been shown 

to correlate with the volume of inclusions °  

Due to the evident relationship of inclusions to 

armour quality9  it would be well to adopt Inclusion Rating 

as a standard metallurgical test °  This would offer a guide 

to permit control over the varying conditions for inclusion 

formation during the steel-making process °  

0,110.1.■■•■•■•••110...-  
el., 	 l-71.//»edeelfe 

(FiejU772„ 13 . ancl—TZ) 
( follow,  on  Page i) 



Figure  12,  (Page 28)  

j 

X100. 

A SAMPLE  OF  "CLEAN"  STEEL.  
Average ASTM rating, 1.4. 

ElamneLne 

• 

f 
X100, 

A SAMPLE 6P "DIRTY" STEEL. 
Average ASTM rating, 2.5. 

•■•• 

Figure 14. 

f 

X2000. 

SAMPLE OF TYPICAL SULPHIDE INCLUSION. 
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S72,GTION  131:::\TEt1.- Relatianshi -  Detween Grain Size  and 
Microstructure and 1-3all atic rzuortiee, 

parEme: 

The purpose of this section is to investigate the 

correlation of grain size and microstructure with ballistic 

properties of lin,.  armour plate made by Dominion Foundrlee, 

and Steel Limited, 

Imzueion for Kicro-analleie of Structure: 

The specimens wore given e 1-minute picral etch 

and examined at 1,000 diameters for structure, This appeared 

as a typical tempered martensite, However, there were 

sufficient differences in the appearance of the various samples 

that two classifications were adopted, 

The first  croup  (Figure 15) shows a banded  structure 

probably caused by segregation  of the  alloying elements,  The 

:second group (Figure  16), although not perfectly homogenized, 

does not show the  decided segregated  ereas and  banding, 

Microstructure  as  Correlated to Back CraqMLEI: 

The results  of  firing-range tests on armour plate 

give a measure of the height of bulge formed on the back  of 

the plate due  to penetration  of the  round, 

Plates on which no cracking occure  on the  

bulge surface are, for the purposes of tale report, listed  as 

"GOOD",  ilstes  on  wbich cracks appear on the 	ifl,  bulge 

surface are called  "BAD". 

Upon listing the two  types of structures under thee 

grouping, we find: 

Type  of  Structure 	liomogeneves luuzated 

Good  Plate 
Bad Plate 

These figures do  not  sho.rï concluelvely that one 
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(Microstructure as Correlated to :','ack  Crackage î  conted) 

type of structure is  better  than  the other, but merely give 

an indication  thet upon more extensive examination a  home-

geneous  st.ructur miht be preferable °  

Structure  as  Correlated to Ballistic  Limit: 

Tape  of  structure Averae  ballistic limit   

Homogeneous 	 1366.0 ft /sec. 
Segregated 	 1371,0 4  

Statistical metnods demonstrete that the.above 

difference  is 122I_ÊlrollIcant° 

Structure  as  Correlated to  Ehysical  Properties:  

There was  no relati.onship found  between  typo  •  of 

structure  and through-plate tensile, elongation, or reduction 

of erea; also,  there was no correlation with face or back 

damage. 

Preparation  for  Grain-Size   Meaeurement: 

Specimens  were heat treated under the McQuald-Ehn 

requirements  for grain size examination, The .mot  successful 

etch was with an alkaline potassium ferricyanide which darkene 

the cementite precipitated at the grain boundary, Classifi-

cation  was  best  made by stating  as  "mixed" or 'uniform" grain 

size (see Pigures 17  and  1.8) 	With  reference to A,S,T ° M, 

standarde, a representative number was given each sample, 

(The number 5 was moet prominent), 	 • 

Grain Size as Cerrelated  to Bacl_Gntnmel: 

The means of classifying the plates az "Good" or 

"Bad" has been described in the discussion of this feature with 
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(Grain Size as Correlated to Back Crackage, contld) 

regard to microstructure, 

Zzet_2121nela :11/ced 	Uniform 

Good 	- 3 	10 
Bad 	 -  5 	8 

11••••■•••• ■••••• 

Here again  we  have only a slight indication that the 

uniform grain Is superior, 

2... 	 L E„  

2 	: 10 
4 	: 	8 

The results although showing preference  of the second 

column are hardly significant, especially  when  we consider the 

greater number of specimens available in that size  of  grain, 

Thus, it is not possible to state that one grain size is better 

Good 
Bad 

than another, 

Grain Size us Correlated to Ballistic Limit: 

mmIem.aUztlg 	:= Mixed 

AVERAGE BALLISTIC LIMIT - 1370 ft,/sec, 	1366 ft,/sec, 

AVERAGE BALLISTIC LIMIT - 	1371 	1361 
ft,/sec, ft,/sec, 

1368 
ft 0 /sec, 

From  the above results it is assumed that grain  SiZe 

is so closely controlled that it has little or no effect upon 

ballistic qualities 

Discussion  of Results: 

The similar correlation of grain size and microstruzture 

to ballistic properties indicates a strong relationship present, 

(Continued an next page) 



MIXED GRAIN SIZE 	- 
UNIFORM GRAIN SIZE. - 

9 4 
18 

- Page 32 - 

(Discussion of Results, conted) - 

Type  of Structure - omcmeneous_ISIgreetnel  

This is suggestive that the segregated portions 

containing higher alloy would cause a sluggish grain growth, 

whereas the alloy-rare portions would permit free grain growth. 

Thus we have a means of interpreting the relationship of mixed 

grain size and segregated structure °  

Conclusions: 

From the results presented it would appear that 

taking special precautions in order to obtain homogeneity is 

not necessary for armour plate steels, Evidence has shown 

that with homogeneous and segregated structures neither one 

is correlated in any way with ballistic properties, 

Mr. P. Sherman Jr, of the Dominion Foundries and 

Steel Limited, suggested that the segregated structure may have 

been due to the fact that the sample was taken from the centre 

of the original plate. The homogeneous structure may have 

occurred in samples taken from the edge of the plate. 

The term  homogeneity is used In the micro-chemical 

sense.  It refere to banded structures caused by uneven alloy 

distribution. 

(Figures 15 to 18 	) 
(follow, on Page 33.) 



X10009  picral  tch. 

Figure 17, Figure 18  

, 

- 

. 	 - 	e 

, 

- 
•r\11‘.5 

e 

— 

r 

' 
' 

, 

' 

ee>e 

" 

• 

o• 

• 
• 

X1000, picral etch, 

NOTE BANDED STRUCTURE °  HOMOGENEOUS  TEMPERED 
MARTENSIM 

ffla■ 

X100, alkaline Kee(0% etch. 

MIXED GRAIN SIZE, 
A.S.T.M. 2 to 6. 

C■In  

. 	 , 	 . 

X100, alkaline K3Fe (a1 ) 6  etch, 
UNIFORM GRAIN  SIZE, 

A.S.T.M, MO. 5. 
PM» 

CC= 

, 



- Page 34 

SECTION  EIGHT.  - FUrther Process  research  on Armour 

The quality control charts included  in  this report 

have indicated the variation in properties which is character-

istic of the process. The variation in yield strength normally 

expected is such that within four beats taken consecutively  a 

difference as Great as 11 tons may occur. 

Since jield strength correlates with ballistic limit, 

the variation in yield strength undoubtedly causes a  variation 

in ballistic limit, 

The variation in primary factors such as yield, 

inclusion content, sulphur, etc., is therefore responsible for 

the variation in ballistic properties, These primary factors 

are, however e  under the influence  of  secondary process variables. 

A program of research on the armour-plate process has 

only commenced when primary factors (metallurgical properties) 

have  been correlated to ballistic properties, Further investi-

gation is needed to find out the effect of operating variables 

upon metallurgical properties e  steel mill scrap e  and ballistic 

properties, 

F, Sherman, Jr., of  Dominion Foundries and Steel 

Limited, Hamilton, Ontario, has prepared a very interesting 

report àhowing the relationship of melting prceess  variables 

upon ballistic limit, As this work progresses  more and more 

useful information will be brought to light, 
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SECTION NINE.. - SUMMARY OP CONCLUSIONS  FROM ALL SECTIONS„ 

1.  In making firing-range tests on armour plate ,0  we 

attempt  to determine the two essential characteristics of the 

plate,  1,e 0 , 

(a) its resistance to penetration, and 

(h) its  resistance  to shock. 

It has ,been shown,ir Report of Investigation  - 

No. 153% that only two Shots are neceasary to complete  thu 

required tests, The first should be at low velocity  (1250 to 

1335 ft,/sec.), in order that it will not completely penetrate 

the plate, By measuring the depth of penetration we can refer 

this  figure to the face damage chart (Figure 3.of Report  ,)1" 

Investigation No 1537) and determine the quality of  the 

• plate, This method would replace the taking of several 

bracketing shots to obtain an approximate ballistic limit, 

The second shot should be fired at a Maher 

velocity (1800 ft./sec.), sufficient to ensure penetration 

of the round. An examination of the exit hole on the - back 

face will indicate the plates  ability to absorb 'Whack. 

2, From examination of the quality control charts 

submitted in this report, it is evident that several changes 

were made in the metallurgical processing of this steel during 

the test period, 

3. The drop in ballistic  limit coincides with  the 

reduction of hardenahility. 

4, Yield,  Tensile,  impact, and Brinell Hardness ar' 

all definitely related to ballistic limit, 

Therefore, a closer control'over heat treatment would  probably 

reduce the variation in ballistic properties. 

5. The  through-plate  physical tests had little 

relation  to  the ballistic  limit  of the plate,  with the 
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(Summary of (Jonclusions, conted) - 

exception  of  reduction  of  area. 

6. All physical properties ara  closely related to 

the  face damage factol-. 

7. The chemieal analysul show a fairly close 

relation  to ballistic properties, 

a. 

 

P.  greater depth of decarburization reduces the 

tendency toward back crackage. 

9. The number of inclusions correlates to back 

crackage, The cleaner steel Is superior ballistically. 

•  10 Q  Grain size and microstructure, within the 

present operating limits, have no correlaticn with ballistic 

properties. 

Since metallurgical tests are  correlated with 

armour quality, it Is probable that process variables are 

also related. It is understood that process variables ara 

being studied with a view to obtaining more uniform and 

higher-quality plate. 

000000000000 

00.0000 

00 
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APPENDI .X SECTION 
= 1=2 = 

Appendix A. - Grouping List (Groups of 4). 

Appendix B. - Test for Significant Correlation 
by the "Chi-Square" Method. 

Appendix C. - Grouping List (Groups of 2). 

Appendix D. - "n" Value. 

Appendix E. - Analysis of Variance Technique 
Applied to Depth of Decarburization. 

======== 
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APPENDIX A  „ - GROUPING LIST (Groups of 4), 

Group No 0  

1.  

2.

 

Plate No  „ 

R1 
112 
113 
114 

arc.23.2..1 _no 	Plate No,  

12, 1145 
1146 
1147 
1148 

3.  

4.  

5, 

6„ 

7.  

8.  

9.  

10,, 

11, 

115 
116 
117 
118 

R9 
R1.0 
R11 
1112 

112.3 
1114 
1115 
1116 

R17 
1118 
1119 
1120 

R21 
1122 
1123 
R24 

R25 
R2G 
1127 
R2G 

1129 
1130 
1131 
R32 

1133 
R34 
1135 

R37 
1138 
1139 
1140 

1141 
1142 
1143 
1144 

13, 

14 0  

15 0  

16, 

17 0  

18,  

19,  

20,  

21,  

1149 
R50 
R51 
R52 

R53 
R54 
R55 
R56 

1157 
R58 
R59 
1160 

1161 
1162 
1163 
1164 

1165 
1166 
1167 
1168 

1169 
1170 
1171 
R72 

1173 
1174 
1175 
R76 

R77 
1178 
1179 
1180 

Rel 
R82 
1183 

ïl 

=111.11r. 
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. 	 .:ZGE1FICANT COLATION 
BY 'CH1.-3 UA:te Mi;MOD. 

The chart mhown on Page 40 has been designed to 

solve the problem of Whether or not  a significant correlation 

is present in a scatterplot of data. 

Note, ûn Page 41,  a typical scatterplot. The 

. variables are: Pace Damage Pacter and Yield CtrenE,th.  The 

question is, "Is there any connection between Pace Damage 

and Yield jtrength'i u  

The method used is as follows: 

1. Divide the dots into equal halves by a 	 , 

horizontal line. 

2. Divide the dots into equal halves by  a 
vertical lire. 

3. Count the dots in en.ch quadrant. 

4. In upper left quadrant there are 13 dots. In lower 
left quadrant thece are 29 dots. 

Let a e 13 » 
 b = 29. 

?herefore, 

a+b = 
a-b = 15. 

(Jn the  Chi ,Ïquare .ehat., the intersection  of ai-b = 
and a-b = 16 give  the ;robability that  the observed 
correlation 13  :1:1:n1fiervit.  The odds ara that a 
real eorrelation J:xists about 99 out'of . 30. 

5. lt is )ossible to state that low yield strength 
correlates with loW face darrage, 

(Pages 40 and 41 are) 
(  full.Lpage charts.) 
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APPENDIX C, - GROUPING LIST (Groups of 2), 

Group  No  

1.  

Plate No. 

R3 
R4  

Group No, 

12, 

Plate No, 

1126  
R27 

2. 	 Re 
117  

3, 

 
13, 	R28 

R29 

11 8 	 4.4, 	 11 30 
119 	 R31 

4, 	 R10 	Jj 	15„ 	1132 
P.11 	 1133  

5. 11 12 	 16. 	R34 
1113 	 1135  

6.

 

11 14 	 17 0 	11 36 
1115 	 1137  

1116  7, 1138  
R17 

8, 

 
18, 

1139  

1118 
 1119 

R20 
1121 

10„ 

 

19„ 1140 
1141  

20„ 1142 
1143 

21, 

 

1122  
1123  

11. 

 
1144  
1145  

1124  
1125  
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APPENDIX D 	''n"  VALVE° ---------. 

A 10-mm. ball is used to indent a 

sample of steel with loads of 50 »  100, 150, 250 

and 300 kilograms. The diameter of the indenta-

tion is plotted against load on logarithmic paper, 

If the technique is satisfactory, all points will 

fall on a straight  line r,  The slope of the line la 

2,0 when indent-load conditions follow the Brinell 

Equation. If the slope is greater than 2.0, the 

material is a work-hardening . metal. The test, 

therefore, gives a measurement of the'work-hardening 

properties, 

=== 



Depth of decarburization 
_1.1.21 1 mm.) of ,2222...22._.atel 

A A2 
• 

■•■■••••■■••••••••••■.• 	 ■MiellfaIMIYar■•■■••••■■■•••••••/.. 

198.0 	2 9 829 0 2 
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APPENDIX E. - AUALYSIS OF VAUANCE TECHNIçU APPLIM 
. 	 TO MPTH OF DECARBURIZATION. 

16 0 5 
15.0 
15.0 
21,5 
16.0 
14,5 
15,0 
17,5 
16,5 
13,5 
14,5 
13.5 
14,0 

•■••■■••■••■••eie 

203.0 

272,3 
225.0 
24) 5.0 
462.3 
256,0 
210 0 3 
025.0 
306,3 
272,3 
182,3 
210,3 
182,3 
196,0 

10111111•Ma■MMœlluale■Meer• 

3,225.4 

15 0 5 
14,0 
15,0 
14,0 
12.5 
16,0 
12.0  . 
16,0 
15,0 
15,0 
13.5 
14.0 
14,5 
11 0 0 

B2  

240..3 
196 0 0 
225.0 
1960, 
156.3 
256,0 
144,0 
256.0 
225,0 
225.0 
182.5 
196,0 
210 0 3 
121.0 

Depth of decarburization 
ix 0 0 1 mm,) of BAD lateq.  

Szmbols  Used: 

= the sum of 

Na = the number of :test values in Column A. 

Variation in Column 
• 

lE 	(EA)2  
Na  

= 3.225.4 
203 
13 

Column  14  variation 

	

.4 	1203)2 

	

3.2254 	= 55,5. 

Variation in Co 	B: 

_ 
Nb 

= 2,829,2 
1E:c = 	198 

Nb 	 14 

(198) 2  
2 9 029 0 2 - 	= 29, 

14 

•.• 

Na 

B_vci.rJation 
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(Appencilx 2, canted)  - 

Variation Between  Columns:  

7 = average of all results = 15,61. 

. average of Column A. 

U  =  average of Column B, 

Variation between columns  - 

Na( 7( 	 Nb(7e. 	E)2  

13(15361 - 14 v 85)2  +  14(14,85  -  14,14) 2  

Total Variation. 
(sum  of  ah l  values) 4' Sum of  all  squares = 	 of  test -7= 

3,225,4  +  2829,2 - (203+198) 2  a-.  99,01,, 
177717-  

VARIATION:  

The tormariqtiod'as used  in  statistics  means the 

sum  of  squared deviations  from  the average,  A  check on tha 

calculaticn  of  variation is  rade, as  follows: 

Variation Ln Column  A 
It 

Variation between columns 

Total 

- 55,5 
- 29,0 
- 14,55   

a 	99,05 

Note that  the total variation  Is the sum of 

variations within  columns  and  betwaen columna, 

The  problem  is  to find Whether variation between 

columns  is significantly  greatar than variation  within columns ,.  

Th13  is done  by  calculation of variance. 

VA'aIANCE: 
variation 

Variance  ze  degrû 	f irooLom 

'aith 2? results in  two columns  twr degraes  of free.-2apm 

are lost, becaune there is  an  average  astablished  for  each 

column. 

(Continuod on 'ilext,page) 

-4 
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• 

(Variance e  cont'd) 

Source of 
varyation 

Within columns 
Between columns 
Total  variation 

Degrees of 
Variation 	freedom 	Variance 

- 84.5 	 (27-2) 	3.38 
- 14.55 	 (2-1). 	14.55 
. 99.01 	(27-1) 	3,8 

eve■Wpareme.R/ 

The variance between columns appears to be much 

*greater than that within columns. «hether or not this is 

significant is determined by the Z test. 

Z  Test for Significant Dtfference:  

=  1,1519 log, variance between columns mrnanzr-irrmr="emmr- 

=  1.15129 log. 14 , 55 

= 0.729. 

From tables in R. A, Fisher's book, "Statistical 

Methods  for Research Workers," we find that when 

degrees of freedom within column = 25, 

degrees of freedom  between  columns le  

and 	 u  0.722, 

the odds are 95 out of 100 that the observed difference in 

column averages is significant. We ara therefore justified  in 

stating that DECARBURIZATION IS RELATED TO ARMOUR  PLATE-FAILURE. 

AS DECARBURIZATION INCREASES ARMOUR QUALITY IMPROVES WITHIN  Tia: 

LIMITS INVESTIGATIM. 

The Analysis  of Variance method requires much more 
. 

work  than the Chi-Square  system. However, it is more accurate 

and  is  applied in doubtful cases, 

============ ======== 

HHF:GHB. 
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