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Watertown Arsenal Laboratory 

Memorandum Report No. WÀL 710/675 

Problem No. L-5.5 

HELMETS 

Determination of Residual Stresses in Ml Helmets 

OBJECT 

To describe (1) experimental methods of measuring strain 

changes due to residual stress, (2) analytical procedures of 

analyzing residual stresses, (5) preliminary residual stress 

determinations on Ml helmets, and (4) some factors influencing 

cracking and residual stress. 
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The basic correspondence and material pertaining to this 

report are contained in Appendix A. 
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CONCLUSIONS 

s J 
1. The experimental technique of sectioning, etching, 

measuring curvature changes, measuring strain by resistance strain 

gages, protecting strain gages during etching, etc., is briefly 

described. 

f 
2. Methods are described for determining residual stresses ^ 

from strain and curvature changes observed during sectioning and A ^ 
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3. *The macroscopic stresses in the few Ml helmets tested 

varied considerably from helmet to helmet and in different posi¬ 

tions on the same helmet but averaged about 70,000 p.s.i. com¬ 

pression on the inside surface and less than 10,000 p.s.i. com¬ 

pression on the outside surface. ^ 

4. The stresses in the helmets were favorably distributed 

to resist failure by projectile impact.^) 

5. There was insufficient evidence to correlate the residual 

stresses with cracking, but in general the highest stresses observed 

were in the regions where cracking has been observed.^ 

R. Beeuwkes, Jr. 

Senior Engineer 

E. N. Hegge 
Associate Engineer 
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NOTATION 

Tension and extension are positive. 

T = Original thictness of test specis»n. 

t 3 Thickness expressed as a fraction of the original thick¬ 
ness, T. 

Sx»Sy * Original stresses iû X, T directions at a distance t fro® 
' the surface which is not to be etched. 

* - - unit elongations in X, Î directions when the remining 
^ thickness is t. 

e a Unit elongation when the thickness is t, measured ty straid 
gages glued to unetched surfaces when curvature changes are 
prevented, (ffith combined strain e is the effective strain, 
e.g.» e*ex+*iey«r*ey ♦ fMx when curvature changes are 

prevented). 

e8 s Unit elongation from start of test when the thickness is t, 
measured by strain gages glued to unetched surface, cur¬ 
vature changes not prevented. 

e r Unit elongation in fibre at unetched surface froa start of 
test when the thickness is t, measured by curvature gags, 
assuming #q is produced by a uniform bending moment corres¬ 
ponding to the curvature change. 

S = Original (uniaxial) stress at a distance t from the surface 
which is not to be etched. 

= Differential coefficient. 

E,ji = Young's Modulus, Poisson's Ratio, respectively. 

L = Span length of curvature gage. 

. 'i: 
-, 

< * 

A = Deflection by curvature gage in span length, Z.» of uniform 
curvature. 

Ro,R = Initial and instantaneous radii of curvature of test «rem. 



INTRODUCTION 

Exploratory tests were undertaken at the request of the Araor 

and Projectile Section of the Watertown Arsenal Laboratory in a 

preliminary effort to correlate the cracking that occurs in 111 

helmets with average residual stress patterns produced in the helmet 

during the forming operation. 

In this report these tests and new experimental and analytical 

methods used in the determination of residual stresses are briefly 

described. The test methods necessitate the destruction of the 

structure being examined. They deal with macroscopic stress on 

a rather large scale and not with the superposed variations asso¬ 

ciated with wrinkles. 

This report does not deal with the necessity or advisability of 

detailed residual stress analysis in helmets, although it does point 

out special circumstances under which residual stress may signifi¬ 

cantly Influence the ballistic limit of a helmet as well as cracking. 

Information contained in this report was informally reported 

to the Armor and Projectile Section as it became available. 

TEST PROCEDURE 

A. General 

Residual stress investigations were made on three (8) Id hel¬ 

mets, Lot 62A-S, manufactured by the Schlueter Manufacturing Company. 

There were no apparent cracks present in the helmets used in making 

these studies 



The specimens to be cut out were located symmetrically on each 

side of the center of the helmet and aere specified iy means of a layout 

graph divided into "clock positions". Strain gages were cemented in 

these positions on the inside surface of the helmet on one side and on 

the outside surface on the other half of the helmet. After the gage 

cent »ad thoroughly driod, rubberized "Tygon*1 paint .a. applied to 

protect the gage and lead wires while sectioning, l.e., cutting out 

the specimens. 

The work hardening characteristics of the type of steel used in 

the Ml helmet necessitated the use of a grinding cut-off wheel in this 

sectioning operation. A standard mixture of soluble oil and water was 

used as a coolant. After sectioning, the specimens were carefully 

trimmed ty means of a hand grinder, care being taken to avoid burning 

the metal. 

Strain gage measurements were taken on each specimen before and 

after cutting it out of the helmet. 

Both strain and curvature measurements were taken before and 

after etching. The specimens were suspended into the agitated acid 

solution by their rubber covered lead wires for successive equal 

lengths of time, the brown coating which formed during etching being 

scrubbed off prior to each measurement. The remaining thickness, tT, 

after each etch was usually determined from the final thickness ly 

assuming the thickness removed was proportional to the time in solution 

l’jÿgon Temp-tec, manufactured by U. S. Stoneware, Akron, Ohio. 



B. Details 

Electrical strain ¿ages (Baldwin-Southwark SR-4 Gages) of types 

A-l and R-l were used to measure the change in strain in one surface 

of the specimen while sectioning and during the subsequent removal 

of material from the surface opposite to that upon which the gages 

were mounted. The type R-l gage U a 45° rosette consisting of three 

type A-l gages. 

Figure 1 shows a type R-l gage cemented with "Duco Household 

Cement" to a specimen. The gage as well us the entire surface to which 

the gage is attached has been protected from the action of the acid 

used to remove material by very carefully painting with "lygon" rubber¬ 

ized paint. The lead wires were covered by "Biraco"2 rubberized tubing 

and sealed to the specimen with "Tygon" paint. 

Two of the one-quarter inch type gages on each specimen used would 

have been more satisfactory than the single larger A-l gage. Not only 

would it have been desirable to check gages against each other when acid 

penetration into the gage was feared, but the difference in residual 

stresses in slightly different locations could have been easily compared. 

A Baldwin-Southwark SR-4 Wheatstone Bridge Control Box was used 

to measure the strains picked up by the type A-l and R-l resistance 

strain gages. 

A more convenient instrument for this purpose is the Baldwin- 

Southwark SR-4 Portable Strain Indicator, which, although less sensitive 

than the control box used, is satisfactory for the purpose. 

The gages were and should always be measured within a very few 

degrees of a convenient standard temperature. 

Manufactured by Bimbach Radio Company 



A gage cemented to a piece of steel was used as a standard when 

measurements were taken. That is, a reading on the measuring box was 

always taken of this gage to make certain that the measuring box always 

read the same as it did initially. 

Curvature changes were measured ty means of a dial Indicator graduated 

in 0.0001 inches mounted between three gaging supports as shown in Figure 

4. The etched surface of the specimen rested on the gaging supports which 

were electrically insulated from the indicator stem. The point of con¬ 

tact of the indicator stem with the specimen was indicated by means of a 

"Carson Electronic Micrometer".8 Fixed stop» on two sides of the gage 

assured proper location of the gaging points after each etch. A fine 

thread screw adjustment on the indicator stem, Figure 5, protruding from 

the non-contact side of the indicator facilitated the taking of curvature 

measurements. 

It was later found that radii of curvature could be directly measured 

by means of the convergence of beams of light reflected from small gal¬ 

vanometer mirrors attached to the specimen at fixed point» by simply 

wetting the surface of the test specimen and putting the backs of the 

mirrors against the surface, k parallel source of light was used and a 

paper target for the reflected beams of light. 

The average size of the specimens used with type A—1 resistance 

strain gages was 2½ inches \jy 1 inch. This was as small as could con¬ 

veniently be used with these gages, although a somewhat shorter and 

narrower specimen could have been used more satisfactorily with the 

curvature gage. With one-quarter inch type A-7 strain gages a smaller 

specimen could and would have been used. — ■ 

8l|anufactured by Instrument Specialties Company, Little Falls, New 

Jersey. Model E-D-2-2. 

- 8 - 



The rosette gage used is considered to have been too large. A 

rosette made up of smaller gages would have been more desirable. The 

size of the specimens having the rosette gages was approximately three 

inches square. 

The acid solution used for etching consisted by volume of: 

50$ H3PO4 (85$—Spec. grav. at 15° C ■ 1.41) 

20$ HN05 (Spec. grav. = 1.42) 

30$ H20 

The acid was kept at an elevated temperature of about 45° Centigrade 

by means of a temperature controlled^ water bath. Vigorous agitation 

of the acid during etching was secured with a power operated glass 

stirring rod. Figures 2 and 3 show the smooth type of surface to ba 

expected from the action of this etchant6 which proved better than the 

usual 20$ (by volume) water solution of HNO3 (Sp. gr. 1.42). 

A cooler and, hence, slower etching solution, to enable the tak¬ 

ing of frequent readings, is desirable for determination of surface 

stresses. 

Measurements of the amount of material removed were determined 

in three ways: (a) from length of time in acid, (b) by micrometer 

calipers, and (c) from change ir weight of the specimen. In Figure 

6 is seen a plot of the etching time versus material removed for a 

*Rotax Temperature Controller, The Poxboro Company, Foxboro, Mass. 

6The above proportions represent the result of only a few trials, 

no attempt having been made to determine the best type of solution. 



particular freshly mixed acid solution and a saall specimen. It was 

found that the amount of material removed was directly proportional 

to the etching time. 

Mà£SIS 

The total residual stress in the intact helmet is made up of 

(a) that released sectioning (cutting out) the test area from the 

helmet_resulting in a change of shape of the specimen and (b) that 

remaining after sectioning and which is progressively released by 

etching away material from one surface of the specimen—resulting in 

progressive changes in the sijape of the remaining specimen to com¬ 

pensate for the realignment of the remaining stresses. These changea 

in the shape of the epecimen, i.e., curvature and/or strain change*, 

are utilized in determining the total residual stress. 

A. Residual Stress Released by Sectioning 

The residual stress released by sectioning is distributed rectili¬ 

near ly across the thickness, is zero at the center, and has the same 

magnitude on each surface. It is tension on the side of the specimen 

towards which the specimen curves as the result of sectioning and is 

compression on the other side. 

The absolute magnitude of the surface stress (a), released ly 

sectioning, is given by multiplying E by the absolute6 value of straini 

in terms of curvature change} or approximately by 



in terms of deflection,A, given ty the curvature gage over a span 

length, L, or 

i e I 

in terms of resistance strain gage change, e. 

B. Residual Stresses Remaining after Sectioning 

The determination of the residual stresses after sectioning, (b),. 
7 

i 

from strain gage and curvature gage readings may be made by carrying 

out the operations indicated in any of the following formulae : 

Case 1. Original curvature maintained 

Plot -Ete against t, take the slope of this curve to get 

the stress, i.e., 

S * -E , 

using resistance strain gages and holding the specimens to its 

original curvatures (neglecting radial displacement) by means 
of a mold® which might conceivably be made of wood, Wood's 

metal, or plaster of Paris to fit the curvature, shape of strain 

gages, etc., if strain changes, e, were not prevented. 

The initial slope is the value of the surface stress which 

thus requires but little etching for its determination. 

Case 2. Using both Strain Gage and Curvature Measurements 

?lo\ -Ete against t, and take the slope of this curve to 
the stress, i.e., 

taking e to be resistance strain gage readings, e8, Í reduced by) added to ) 

7The derivation of these formulae will be given in another report. 

0The whole helmet might be covered with gages, if only moments are 

released by slitting, as may be approximately the case. 



the absolute magnitude of the curvature strain ec 

or approximately 

4 tTA 

I ^ ' 
( away frort .. gtrain mm. Here A and 

when the specimen curves | tomaIÛB ) the stra-" g g * .. . 

the difference In curvatures refer to changes fro. the sectioned 

condition, not the original state. 

The initial slope, which can be determined by a few test 

polnts^of the curve-ite vs. t gives the surface stress. 

Case S. Using Curvature Change Oily 

Plot 1/t2 vs. t2ec, integrate (ty planioeter) from t = 1 

various values of t multiplying each integral (area) 

£ gt/J^ plot3the products vs. t, and the differentiate to get 

the stress, i.e., 

-teE 

t = t 

-f ! 
t « 1 

d(t*.c) 

. d(-tell # 

5 * dt 

Here9 the magnitude of ec is determined * the curvature 

gage or curvature changes from 

or approximately 

tlA 

and is positive if the specimen has curved toward the etched 

side as a result of etching to tT. __ 

'ftrÄÄ £ MrÄ ^ÇÂffor 

fiîstdfinding the above solution by two other independent methods. 



One-third of the product of (-E) and the initial slope 
(at t = 1) of t*ec or ec plotted against 1-t is the surface 

stress at t * 1| which can thus be determined from a few read¬ 
ings taken with very little removal of material. 

Case 4. Using Strain Qage Measurements10 Ohlj 

Plot 1/t3 va. t*e8, integrate (by planiaeter) from t = 1 
to various values of t multiplying each integral (area) ly 
(Et*)/2, plot the products vs. t and differentiate to get the 
stress, i.e.. 

-teE » 
d(t*e8) 

d£-teEl 
3 dt 

Here es is the strain change, from beginning of etching, 
of a resistance strain gage glued to the test area, with 
curvature changes unrestrained. 

One-half of the product of (-E) and the initial slope 
(at t = 1) of t*efl eg; es plotted against 1-t is the surface 

stress at t = 1. This stress can thus be determined from a few 
readings taken at short intervals of time. 

£. general Considerations 

The formulae are written above as though the test pieces were 

narrow (in proportion to their thickness) bars^ instead of wide 

strips, and as though the stress had only one component (uniaxial 

stress). Actually the principal residual stresses, S* and Sy, 

relieved in the principal (assumed constant) X and I directions 

should be taken into account. 

In order to do so in the above formulae in the X direction 

Sjj is substituted for S and ex4#iay for e in Cases 1 and 2, ec in 

Case 5, and e8 in Case 4; similarly, in the T direction % is 

substituted for S and ay+Mx for e, ec, or eX) while in each case 

E/(lV) is substituted for E. ex and ey are determined from 

strain or curvature changes as the case may be. This substitution 

l0Strain gage measurements can be made equivalent to X-ray measure' 
meets whnn the latter are obtainable. 

^Not necessarily small bars. 
- 13 - 



íb to be made in determining the stresses relieved ty sectioning - 

if done - as well as those relieved ty etching. Gasea 3 and 4 only 

apply to flat platea which, however, need not be small. 

In making these substitutions12, it is assumed on the theoretical 

side that the strip does not buckle locally, that the teat strip is 

sufficiently large so that the gage length and width is sufficiently 

removed from the edges of the strip - two thicknesses to any edge - 

where equilibrium of stresses takes place by a different mechanism 

than in the middle of the strip, and, in Cases 3 and 4, that the 

deflections are small compared with the thickness of the plate, and 

that the strip is large enough so that any curling of the edges (due 

to the above edge effect) does not appreciably affect the stiffness 

in bending as a flat plate as stresses are relieved. 

When, in Cases 5 and 4, appreciable bending is allowed to take 

place, or the strip is not flat initially, it is assumed that the 

strip is sufficiently narrow to be sensibly flat in one direction, 

I, i.e., it is assumed to have the stiffness against bending of a flat 

strip in one direction and to be infinitely stiff in the other direc¬ 

tion. Here, in eB or •*, ey is determined from strain gages and ex 

from curvature or strain gages depending on which case is to be used 

to determine e (from the integral) and S*. Case I15 is then used with 

- --—-- 
^or the narrow beam ey * -#iex, since there is no restriction to later¬ 

al strain. This value of ey gives the formulae, as stated, in Cases 
1-4. 

15The equilibrium condition [s = -E Él£2l]on which all four eases are 
based is Independent of curvature an&Sioida even for a thin cylinder 
in both circumferential and axial directions. 



. t 

By+nex = ®y to dotermlne 

On the teat side, it is assumed that the stresses aui ch«Q«e in .;v 
4 . l( ^ ’ t ^ t i 

material properties associated with the saw cut do not affect an 

unreasonably large percentage of the material being inrestigated, and / 

mce the that the cement on the strain gages does not unduly 

bending of the strip during the amount of etching done» on the othte1 
' l.-.- • ' ^ ^ - ' . A ' * .'jkxi 
hand, it is assuaed that.the test piece is sufficiently imall so that , ; 

* "* • ' * • 7 . ' ; • V- '* ■ ' f¢.. 
the character of the stress does not wary appresiably orer its area* M 

Thus, eren in the marrow direction of a rectangular test strip, the 
• ,. ; ' ^ . • ■ 

gage is kept away from the region of the edge effect and thus in f.- H 

uniform field of surface stress which, except for that relisted by ^ 

sectioning (if done) awl etching, is the same as it was before t^e strip 

was sectioned from the helmet. * 

It is thought that the formula of Case 1 with th® abets suhstitu- 
* \ \ V ; . . ^ 

tions for S and e msy be satisfactorily used IftsTf the test ^psa5is 
* > ^¡y •» * *• 

etched, while incorporated in a helmet whose curratures are etexy- 
>* ‘ , Vo r* .., * ’ 

where maintained at their original values. This thought la basai on 

the belief that the net average (over the entire thickness) stress 
A1 *, .-. " 

over any section of the helmet is likely to be very «nail although „ 
* • ■ . 

• ♦ ■. . . . ' 

the moment of the stresses is not small. i 

The initial slope from which a surface stress edmponentis found 

can be determined easily from a log leg piper plot which is sometlmss 
' ; ' « 

(., \ t' - • «i ' * f • -. 

more convenient than the ordinary plot for this purpose. Several test 
V 4 ’ X •, *' ^ • ' •• V«C l"* 't •., *$■ 

points sre plotted and extrapolated into a forty—five dsgres.rline to 

correspond to going through zero on ordinary paptli1. Tbi ordinate • 

corresponding to the intersection of this forty-fivs degres libs with 

the vertical where the abscissa is unity is the required value, as Is 

ten times the ordinate where the abscissa is one tsmth, etc. 



In three ceeea—where the rosette strain gage was need—the strain 

was actually measured in two directions for the preliminary tests of 

this report. In these cases the gage was to large that the specimen 
.Sr/** : 

was appreciably done shaped. Thus these speoiaens could not he analysed 

by curvature changes. It was arbitrarily assumed that Oase 1 holde and 
9 

that any curvature changes that occurred in one direction were oospen- 

sated for in strain change by those occurring at right angles to this 

direction. 

In the other oases, it was assumed that the strain was undirectional, 

that is, that the hast strips were wide in comparison with their feh&ëfc- 
.\':v 

nesses and bent as though they were flat beams subjected to esternal 
•*# , ’ ,.r y 
•*.. t. .-y f* 

bending moments. This means that lateral (to the bendint direction) 

strains, Sj, do not occur (except at the edges). Thus, simply, eg end 

/4 . 
.* ft ,/,. 

. V \ * 
l V 

are to be substituted for t and I In Gases 1-4. 
, «' V 

\ 

v;'(. 
<■-17 

gven though the abore assumption does not represent the actual 

state of affairs, the error in stress is unlikely to be sufficient 

to change the order of magnitude of the determination elnoe the fly 

strain is only added to the ex strain after being multiplied by 

Poisson's ratio141»16. Figure* 7, 6, and 9 and Tables 2, 5, and 4 
" • ‘7- 

each show the details of the calculations for Cases 5 and 4. 

The lower curres contain plots of the gags readings. From tbs* 

smooth curves readings were written down st selected fractions, t, of 

wall thickness shown on the middle curves and converted, by multiplying 

Ï4 

15 

If ey = then ex -hty^rO.9 ex} If ey = ez, *x -gSyft:0.7 s*. 

The method adopted was used, however, in these preliminary experiments 
for (a) simplicity, (b) comparison purposes, and (o) order of magni¬ 
tude of stresses* < ' 



by constantb16, into strains« Those strains were multiplied by t* mod 

plotted against l/t* or l/tf, according to the method at gaging« These 
» - * • - • , ' ’ 

plots were then integrated by a planineter from the prewlously selected 

▼alues of t shown beside the curyea to t = 1, Since the pUnimeter 
,} ‘ 

read areas in square inches, these areas were corrected by multiplying 
. ' ' ' ' * ,. t-l \ 

by the product of the ▼ertical scale reeding in one inch and the horl- 
' ' ! - './V 

contal »cala raading in one inch, Ea h corrected area was sultipliad 
f- ’a i ^ v '*’< ¿r' 

by EjtV^ or Ijt/5, again corrasponding to the type of measurement made, 

Case 5 or 4, where E, s 50»10* * E/(l”i**)» v i, 
" ' ;• f V, 

These ▼aluef «ere plotted against t to form the 4B|te curvea at < ' 

the top of the curre sheet«. The negative derivatire of theae curvea, 
K,-'-,' V? 

with respect to t, gave the straaa curtas shown In the same plade. ^ 

These derivatives were vexy easily and rapidly formed with the aid of 

a drafting machina^ as shown on Figura 10, aber# H has bèan used 
V,-A ' . 

as a variable in place of t. It is to be noted that it is 
i , ,* / .,. . ' ’« 

• • ' i r r ‘ ''¿t , ' i i' • 
-i . ■ ‘ 

to do any computing or reading of angles in this operation. 

In Figures 7 and 9 close agreement between the strain gage and 
‘V ' , ‘v1 

fi 4 -f , ■ 

curvature gage éeterninatlona is not to be eapeoted with, among the 
. 4 ' -« % • 

A . y, , ..k’ 

variables, the else of specimens used and the different Effective gage 
j J Vjj* ^ 

lengths of curvature and strain gages. 

.J 
> 

> I- ‘ 
4, . ■ 

", r 

ifv 

1&For strain gages a sensitivity factor for gages and gaga measuring 
box given by the manufacturer (2.586 x 10^/2.04)1 for curvature f/ 

«»g®« fr^- 

17 
Paragon Drafting Machine #1510, Keuffel 4 Esser Co., New fork 



DISCUSSION 

A. Test Resulta 

As stated under analysis, the entire initial residual stress 

consists of the sura of (a) the part released by sectioning the test 

sample from the helmet (b) the part released by etching the sample. 

Figures 7, 8, and 9 show the distribution of the stresses left 

after sectioning. These are seen to be high at the surface and to 

fall off rapidly with depth below the surrace. The surface stresses 

were compression in all cases measured. 

Figures 11, 12, and 13 show particular examples of the character 

of the complete initial stress distribution obtained when the stress 

released by etching is added to the rectilinearly distributed stress 

released by slitting. The stress on the outside surface of the hel¬ 

met is reduced while the compressive stress on the inside surface is 

considerably increased. 

Table 1 gives the values of surface stress relieved by sectioning 

as well as the surface stress relieved by etching and the total initial 

residual stress at the surface when these are available. For purposes 

of comparison it is assumed in some cases that the stress distribution 

remaining after sectioning is symmetrical. That relieved by sectioning 

18 
is of course anti-symmetrical . 

From the limited results of Table 1, it is tentatively concluded 

i.e., symmetrical about the middle thickness points but opposite in 

sign. 

- 18 - 



that the: 

Surface Stresses Relieved by Sectioning 

/a\ Have widely different values at different locations on the 

; same helmet; those on the outside surface vary from -6000 

p.s.i.(compression) in the top specimens to 46,300 p.s.i. 

(tension) in the F(L)19 horizontal specimen, helmet A. 

(b) In specimens cut from different helmets but in the same 

locations and direction [F(L and R) horizontal and B(L and 

R)horizontalj show considerable variation in magnitude 

(17,800 to 66,900 p.s.i.)» but in all cases are of the same 

sign (tension on the outside surface). 

(c) In specimens cut from the sides of the helmets [S(L and R) 

vertical and horizontalj are in general of lesser magnitude 

than, but of the same sign as, the stresses in specimens 

mentioned in (b) above. 

(d) In the outside surface of the top of the helmet are of small 

magnitude and are compressive in all directions. 

(e) Have principle stress directions which are approximately 

circumferential and vertical in the body of the helmet since 

stresses measured by the oblique gages, helmet B, are small in 

comparison to the stresses measured in the other two directions. 

(f) Have their highest values, in general, at the F(! and R) and 
B(L and R) locations in the regions where cracking has been 

observed. 

Surface Residual Stresses after Sectioning 

(a) Are compressive on Doth the inside and outside surfaces. 

(b) Have widely different values on different specimens cut 

from the same helmet. 

(c) Are of comparable magnitude in the vertical and circumferen¬ 

tial directions. 

Total Stresses in Helmets 

(a) On the inside and outside surface are compressive and average 

roughly 70,000 p.s.i. and 10,000 p.s.i., respectively. 

In view of these test results, a satisfactory method of comparing 

i 
F,B,S,T,1,R refer to front, back, side, top, left, right respectively. 

- 19 - 



residual stresses might be to section, without etching, a sufficient 

number of helmets to establish a definite average behavior while curva¬ 

ture and dimensional measurements, only, were made in very carefully 

specified locations. From the helmets measured in this way, a number 

of specimens would then be etched and analyzed in detail as extreme 

or typical cases, because they had shown a cracking tendency, because 

they had unusually high ballistic limits, etc. This procedure would 

eliminate from the initial investigation, at least, the inherent diffic¬ 

ulties and time consumption of the etching procedure along with the care 

needed to protect strain gages from the etchant. 

In carrying out this program, care should be taken to use helmets 

of the same age and history. Other factors that should be considered 

are contained in the following section. 

B. Factors Influencing Cracking and Residual Stress 

It is presumed in the following that purely metallurgical fac¬ 

tors responsible for or affecting cracking such as surface decarburiza- . 

tion and the presence of undissolved carbides have been adequately 

taken care of by metallurgists. 

The residual stresses are put into the helmet when it is made, 

the forming operations being so severe that residual stresses in the 

blank sheet can probably do no more than alter the forming load at 

which yielding takes place in the forming operation. In this operation 

important facto-s that affect residual stress, cracking, and the ballistic 

limit are: 

(a) The material, its mechanical history, hardness, etc., and 
heat treatment. 

(b) Shape of dies, character of draws, aging of the material, stress 
reliving heat treatments vised in forming helmets. 

(c) Metallvrgical changes in the material during cold working, e.g., 
decomposition of austenitic steel. 
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(d) Direction of rolling of sheet material relative to the posi¬ 

tion of visor in the helmet. 

(e) Gage thickness. 

(f) Trimming. 

(g) Condition of dies: roughness, alignment, etc. 

(h) Lubrication of dies. 

(i) Temperature while forming. 

(J) Hold down force and its distribution. 

The material used in the Ml helmet is 1.50 C, 15 Mn, 0.40 Si 

Hadfield manganese steel. It is cross-rolled into sheet form from 

its ingot with whatever heating is necessary and is finally water 

quenched from about 1800°F to produce a uniform austenitic structure. 

The sheet is then punched into circles. 

The helmets are made from the circular sheet stock by a single 

deep draw, a spanking operation to make the visor, a trimming opera¬ 

tion, a spot welding operation to add an edge protector, a cleaning 

operation (dilute phosphoric acid), and painting. Since no stress 

relieving treatment is used, the residual stresses can be expected 

to be high as shown by the average test results. It must, of course, 

be limited by the yield strength of the steel under the most severe 

combined stress and temperature conditions encountered under tne 

forming load or without the forming load. This limiting condition 

might be inferred from tensile tests of the material along with the 

fracture stresses and reductions of area. 

All of the factors from (c) to (j), inclusive, can have a serious 

bearing on the character of residual stresses and cracking although 

it is understood that appreciable decomposition of the austenite has 



not been observed^ and is therefore not to be expected except under 

unusual coldworking conditions. The fracture stress and work harden¬ 

ing characteristics of the steel may be different in different direc¬ 

tions and with the time consumed in and after the draw (aging), the 

forming pressures will vary with gage thickness, the trimming opera¬ 

tion will leave notches causing local intensification of the residual 

stress, the condition of the dies will affect forming pressures and 

extent of cold working, proper lubrication will eliminate shearing 

stresses and galling. Temperature^ of forming will influence the 

crack sensitivity, the stress-strain relation of the material and the 

tendency to decompose into hard brittle martensite with volume, and 

consequent stress altering strain changes, and an uneven hold down 

force will cause wrinkles which mean local overwork hardening or em¬ 

brittlement of th* material and stress concentration. 

Cracking may also be due to stress corrosion, as well as single 

and repeated external loading stresses acting in conjunction with the 

residual stresses. Such cracking will be influenced by the tempera¬ 

ture, time of loading (impact and creep), type of loading, the history 

of over-straining of the piece, and especially the complete strain, 

20()n the other hand, it has been considered (Ref: Studies of Hadfield' 

Manganese Steel with the High-power Microscope - John Howe Hall - 

Iron a¡yi Steel, 1929) that a large part of the strain hardening of 

Hadfield's manganese steel is due to the formation of martensite, i. 

the slip layers are or become martensitic with time. 
PI 
CiA temperature of 550¾1 is sufficient to effect some decomposition 

of the helmet steel into martensite in a short time. (Ref: WA1 Rpt. 

No. 710/609 - "Metallurgical ani Ballistic Investigation of a 3^É 

Nickel Modified Hadfield Manganese Steel Proposed for Use in the Ml 

Helmet"). 



or hariincES, of the helmet, Figure 14. A brittle helmet requires but 

f'O 

little residual stress energy to propagate a crack. Acids , perhaps 

the cleaning acid, stacking helmets in huge piles, banging helmets 

into and out of shape all c -n be causative factors in cracking. 

It should be emphasized, however, that tne ordinary characteris¬ 

tics of Hadfield mang ese steil art excellent against shock loading 

and repeated loading where there are notches or cracks. This resis¬ 

tance, of course, becomes lesr, tne deeper th^ draw of the material. 

Residual stresses can be very desirable and are at times inten¬ 

tionally put into a structure in such a direction that the sum of the 

residual stress and the loading stress are algebraically less than the 

stress due to loading alone. Such is the case with built-up and auto- 

frettaged guns where a preliminaiy compressive stress is locked into 

the bore material—the most highly stressed part of a simple gun tube 

when firing—by the tendency of the outside material to contract. 

In Just the same way it is possible thit residual stresses add 

to the ballistic limit of the helmet. The 0.45 caliber ball ammuni¬ 

tion used against the helmet causes the helmet wall to bend and to 

stretch radially towards the impact zone where the wall bends sharply 

ove" the flattened ball where fracture occurs. In this region external 

load put on the helmet by the bill must be sufficient to overcome 

the compressive residurl stress of tie inside surface of the helmet 

before yielding can occur at that surface, assuming yielding does not 

occur elsewhere first. 

_ __ 

It would be interesting to determine the time required to cause crack¬ 

ing, while under load, in tensile specimens of helmet steel permanently 

stretched assigned amounts and immersed in acid. 
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In general, the test results show ttut the residual streso lis- 

tribution is a good one against bending produced by external loads, 

since, roughly, the inside half of the wall is under compression and 

the outside half under tension. 

If the work necessary to cause yielding is an appreciable frac¬ 

tion of the energy of the ball at the ballistic limit, then the re¬ 

sidual stresses will appreciably augment the ballistic limit. A bul¬ 

let fired from the inside of the helmet would lead to a correspondingly 

lower limit. Such lowering has been observed^. 

These effects on the ballistic limit should be more pronounced 

the harder and more brittle (ander firing and fixed temperature condi¬ 

tions) the material is, for then a large part of the work of deforma¬ 

tion will be elastic. Figure 14 shows the hardness distribution in 

the helmet. It seems likely from this figure that the material ac¬ 

tually is in a brittle state, especiilly in the regions most subject 

to cracking. 

Shot blasting is a method by which both favorable and unfavorable 

residual stress distributions may be established. Qy this means it 

has been observed that the highest ballistic limit is associated with 

wha t is expected to be the most desirable residual stress distribu¬ 

tion. For example, shot blasting internally raises tne ballistic 

limit against a shot fired against the outside surface of a helmet 

while it lowers the resistance to penetration of a shot fired against 

the inside surface. Shot blasting also works the material severely 

^Memorandum Rpt. T'A! No. 710/476 - "A Preliminary Study of the Effect 

of Shot Blasting upon the Ballistic Characteristics of the Ml Steel 

Helmet'’. 
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causing decomposition of the austenite and making the helmet hard. Shot 

blastinr may possibly favorably influence the ballistic limit by bending 

and folding the material in such a way as to favorably altor th,. path of 

yielding and rupture. 

The above remarks are not modified, on the average, by the presence 

of notches or serrations. The variations in residual stress produced 

by such irregularities are simply superimposed on the average residual 

stresses. Nor are they modified b1' the dome-shaped structure of the 

helmet. With or without such stresses that shape will be favorable if 

sufficient material deforms. 

The residual stresses sho^n by the few test results herein reported 

are generally favorable towards prevention of corrosion cracking because 

they tend to be compression on both surfaces. 

It should be evident from the above remarks that elimination of 

cracking is not the same as elimination of residual stresses. 
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CURVATURE GAGE 

SHOWING 

CONTACT ADJUSTMENT MECHANISM 

Fig. 5 
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GRAPHICAL DETERMINATION OF St 

St “ dR^^Sr^ 

@ LAY STRAIGHT EDGE TANGENT TO RSr CURVE AT POINT WHERE St 

IS TO BE DETERMINED, R-6. 

@ TRANSFER TANGENT TO GO THROUGH POINT 1 UNlT% IN R, R-S, 

BEHIND THE PLACE WHERE St IS BEING DETERMINED. THE VALUE 

OF $t IS FOUND AT THE INTERSECTION OF THE TRANSFERRED 

TANGENT AND THE ORDINATE, R-6. 

NOTE: IN SONC CASES, AS WHEN RSP IS SMALL OR THE TOTAL CHANGE 

- IN R IS SMALL, IT IS EXPEDIENT TO PLOT RSr TO 10 TIMES 

SCALE AND TO THEN TRANSFER THE TANGENT TO A POINT l/lO 

UNIT INSTEAD OF 1 UNIT BEHIND THE PLACE WHERE St IS 

DESIRED. 

E.N.H. 
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TOTAL STRESS IN HELMET A 
SPECIMEN NO. F-2 

SURfACC 

6> SECTIONING 
ÄF1ER SECT-t^WttiG 

AI STRESS IN HEL^. 

^ ^ RrstfHiA 

A . W.7H—607 

28 juk «4 





TYPICAL CHARACTERISTICS OF Ml HELMETS 

(verbal data from a. hurl ich) 

-c = ROCKWELL C HARDNESS 

-T - APPROXIMATE THICKNESS 

IN THOUSANDS 

HARDNESS REQUIRED FOR CRACKING « 50 OR ABOVE 

ORIGINAL THICKNESS - 44-46T 

BALLISTIC LIMIT** 835 TO 950 FT./SEC. 

I <, ' . POSITION OF CRACKING 

• • 

• • 

* 1/2 X [highest velocity required for part 

REQUIRED FOR COMPLETE PENETRAT I ONJ 

THESE TWO VELOCITIES DO NOT DIFFER 

|AL PENETRATION ♦ LOWEST VELOCITY 

• WITH SUFFICIENT FIRING SO THAT 

MORE than 50 FT./SEC. 
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INTRAOFFICE MEMORANDUM 

2 July 1945 

A. Hurlich Armor & Projectile Section 

Major N. A. Matthews Armor & Projectile Section 

Subject: Investigation of Defective Ml Helmets 

In accordance with the proposed program covering the 

stu’y of the Ml helmet mfd. by the McCord Radiator and Mfg. Co., 

it is necessary to study the stress pattern produced in the hel¬ 

met during the forming operation. 

Examination of several hundred defective helmets.dis¬ 

closes that cracks occur in the helmet body in four distinct 

zones : 

Zone 1 35-60° 

Zone 2 135-160° 

Zone 3 190-235° 

Zone 4 325-340° 

starting from the middle of the visor as 0° and proceeding clock¬ 

wise. These cracks occur in a region approximately 1^-2^" up 

from the rim ani extend vertically up and down. 

It is proposed that the Applied Mechanics Section conduct 

tests on as many of the 10 uncracked helmets n^w at this Arsenal as 

necessary in an effort to correlate the cracking with areas of high 

stress concentrations. 

It is desirable to have this information within four 

weeks. 

■ 

i 

» • 

A. HURLICH 

Assistant Metallurgist 



TELETYPE 

BI 

WAOA NR202 WD /HEREWITH REPOKE OF OUR BWA Al55 

BWA A NR155 WD 

FROM KIRK C OF ORD ASF WASHINGTON DC 201555Z MAY 44 

TO C 0 WATERTOWN ARS WATERTOWN MASS 

GRNC 

RE HELMET STEEL Ml ST LOUIS ODO WOULD LIKE TO RECEIVED FROM YOUR 

ARSENAL A DESCRIPTION OF THE METHOD OF MEASURING THE STRESSES IN THE 

HELMFT STEEL Ml RELIEVE THERE IS A FACILITY IN THE ST LOUIS DISTRICT 

WHO *ILL RUN SOME STRESS ANALYSIS FOE THE ORD DEPT REQUEST IF POSSIBLE 

THAT YOUR ARSENAL FORWARD DIRECT TO THF ST LOUIS ODO A DESCRIPTION 

OF THF METHOD USED BY THE ARSENAL IN COMPUTING THE STRESSES IN THE 

HELMET ADVISE THIS OFFICE WITH A COPY OF YOUR LETTER OF TRANSMITTAL 

END CITE SPOIS HEWITT 

2142Z 

• • 

Wtn. 421/426 f • 
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WATFRTOTW ARSFNAL IABORATORY 

Problem Assignment 

Problem No. 

L -3.3 

Subject: Measurement of Residual Stresses in Helmets July 1/43 

Ex.O. 52 Authority: Director of Laboratory 

Specific Object of Problem; 

To assist in explaining the high rate of cracking of 

Ml helmets in storage and service, and in cooperation vuth 

the Armor Section, study the distribution and intensity of 

stresses believed to result from the cold-drawing operation 

and suspected to be a cause of the cracking. 

The problem will be completed by Memorandum Report, 

with a copy to the Armor Section. 

Estimated Completion; 1 December,1943 

Problem No. 

Ir-3.3 

Assigned to: 

Measurement of Residual Stresses in Helmets Dr.Beeuwkes 




