
Chap ter 1

Strong Ma te ri als

Ba sic Ma te ri als Prin ci ples

Why This Chapter is Important

Most peo ple have a gen eral un der stand ing of what they mean when they 

say that an ob ject is "strong" or "stiff" or "tough." They know that ma te -

ri als have dif fer ent char ac ter is tics and that steel is in trin si cally "dif fer -

ent" from ny lon. This  book will dis cuss the na ture of the class of

"strong" ma te ri als called com pos ites, but, to do this use fully, it will be

nec es sary to use the pre cise  lan guage of the ma te ri als en gi neer. This

chap ter is a very short "crash course" in the es sen tials of ma te ri als

sci ence. The prin ci ples ap ply to any strong ma te rial, but will be par tic u -

larly im por tant when dis cuss ing the spe cial na ture of com pos ites.

In this chap ter, we will briefly dis cuss the el e men tary prin ci ples that ex -

plain how strong ma te ri als work, how they dif fer, and why we have

strong ma te ri als at all. In later chap ters, we will look at how forces ex ist

in prac ti cal struc tures. No al ge bra will be nec es sary. 

In tu ition About Strong Ma te ri als

We can’t get through life if we don’t have some in tu itive ideas about the

strength of ma te ri als. We don’t cross a stream on a log if the log looks

rot ten, but we may cross the same stream on a smaller log if the log

looks fresh and green. We know about how strong a shoe lace is. Chil -

dren even tu ally learn how not to break ev ery thing they touch. We buy

rope for an ap pli ca tion in a size that seems to be “about right” in our ex -

pe ri ence, know ing that steel ca ble is “stron ger” than cot ton rope and

that ny lon is some where in be tween. We know about how thick a

wooden shelf should be. We put strap ping tape on a pack age so that it

seems safe, but we do not en gi neer these daily de ci sions.

1 - Strong Materials

 Sam ple Chap ter - Or der through www.Aeronautpress.com        5



As pi lots and air plane build ers, we prob a bly have a better in tu itive feel

for ma te ri als than the gen eral pop u la tion, based partly on ac tual ex pe ri -

ence with a va ri ety of air craft ma te ri als. The FAA al lows us to make sim -

ple re pairs on cer tif i cated air craft, gen er ally fol low ing hand books of

stan dard prac tice (some very old) for the ma te rial and struc ture in ques -

tion. Pi lots are usu ally a con ser va tive lot (not a bad thing for driv ers of

fly ing ma chines!) and they tend to stick to the fa mil iar. A pi lot trained in 

a J-3 Cub or a Citabria, may choose to build a tube and fab ric air craft

(with its many, many pieces). If the pi lot was trained in a Cessna 152 or

owns a Bo nanza, she may elect to build an alu mi num plane. Some just

like wood. The au thor reg u larly vis its with ac tive build ers at neigh bor -

ing air ports and is sur prised at how many have never con sid ered a com -

pos ite pro ject. If asked why not, the an swer is usu ally some thing very

gen eral like “Well, I never was re ally com fort able with ‘plas tic', be sides

my plas tic gar bage can has a crack in it, so I don’t want to use that stuff

in my air plane.”

The new com bi na tions of high per for mance ma te ri als we call com pos -

ites are gen er ally out side the ex pe ri ence of most pi lots and many de -

sign ers. These ma te ri als are very dif fer ent from wood, steel, and

alu mi num. Of ten, the de signs and con struc tion tech niques are rad i cally 

dif fer ent from fa mil iar prac tice. It is only to be ex pected that a pi lot

would be cau tious.

Ac tion and Re ac tion

When un der grad u ate en gi neers take a course in “Stat ics”, they learn

that if an ob ject is sta tion ary, it must be be cause all the forces on that

ob ject bal ance, or add to zero. For ex am ple, we can hang a sim ple hard -

ware store spring scale from a tree, put a one pound fish on it, and ob -

serve that the scale pointer moves one inch and stops. The weight of the

fish is bal anced by the re ac tion force of the de flected spring. A parked

air plane may press on the pave ment with a weight of 1,500 pounds ap -

plied through the three wheels. All the com po nent weights, in clud ing

the en gine, wing struc ture, bat tery, fuel tanks, and what ever, are

brought through the struc ture in a com plex way, but they must add up

to the 1,500 to tal pounds mea sured at the wheels. But the air plane does

not move, so the pave ment must press up at each of the three wheels ex -

actly enough to bal ance the to tal load.

Un der stand ing Air craft Com pos ite Construction

6      Sam ple Chap ter - Or der through www.Aeronautpress.com 



What ac tu ally hap pens is that the con crete un der the tires de flects a tiny 

bit, ex actly as the spring scale does, so that the nec es sary op po site force 

is gen er ated. Con crete pave ment has the use ful prop erty of be ing very

stiff (de fined be low), so that we do not see this tiny de flec tion. If we put

three pre ci sion spring scales un der the wheels (as we would do for a

cen ter of grav ity mea sure ment) then the parked plane would find a new

rest po si tion, and we would read the re quired de flec tion on the three

scales. The point is that ev ery solid ma te rial, even di a mond, must de -

flect un der load and must pro duce a re ac tion force against that load.

Forces in a Solid

In any solid, the at oms are held in a rigid po si tion by the elec tri cal forces 

be tween them. Atomic forces are the ba sis for chem i cal re ac tions be -

tween at oms and we need not dis tin guish be tween “chem i cal” and “elec -

tri cal” bonds. The use ful strength of the bonds var ies widely from one

solid ma te rial to an other. When a load is placed on a solid, the solid

must de flect just enough to de velop an equal coun ter force. The only

move ment in the sys tem must be the bonds be tween the at oms. There -

fore, the stiff ness of a ma te rial is de ter mined by the strength of these

bonds. 

A very sim ple way to think of the na ture of a solid is as an ar ray of tiny

solid balls, each ball con nected to its neigh bors by springs. (A coil

spring mat tress would be a good anal ogy.)

Un der com pres sion, the in ter atomic springs be tween the lay ers move

to gether, as when a per son sits down on a mat tress, and a net up ward

force is pro duced which is equal and op po site to the force ap plied. Sim i -

larly, un der ten sion, the springs are stretched and a re sist ing force is

gen er ated in the op po site di rec tion.

These tiny atomic de flec tions in the body of a solid have been con -

firmed by ac tual ex per i ments. If a sin gle-crys tal spec i men is

stretched in a test ing ma chine by a small per cent age, the atomic

spac ing will be found to vary in ex actly the same per cent age.
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Stress and Strain

The words “stress” and “strain” have been grossly mis used in or di nary

con ver sa tion to mean many things other than the ac cu rate mean ing in -

tended by ma te ri als sci en tists. For a ma te ri als sci en tist, stress only

means the load ap plied to a given area di vided by some mea sure of that

area, or load per unit area. A 20-pound box placed on a sur face with an

area of 10 square inches will place a stress of 2 pounds per square inch

on the sur face. No state ment is made about how far the sur face will

de flect un der that 2-pound stress.

Example: Stress in a Prac ti cal Bolt

We see from an air craft sup ply cat a log that an “AN” air craft bolt

fam ily made from 8740 al loy steel is rated at 125,000 pounds per

square inch. This is a state ment of al lowed stress in ten sion be fore

safety fac tors are ap plied. The AN3 bolt from this fam ily is 3/16 inch 

in di am e ter and so has an area of  0.0276 in2, so it is rated to carry

3,451 pounds. The cor re spond ing AN8 is a 1/2 inch di am e ter bolt so

has an area of 0.196 in,2 so will take 24,500 pounds. The loads are

dif fer ent, but the stress is the same. The two ex am ples look the same 

to the iron at oms in side the bolts be cause the atomic de flec tions nec -

es sary to carry the load are the same. The de signer must pro vide a

suf fi ciently large bolt to carry the re quired load at the al lowed max i -

mum stress.

Strain

Strain is de fined by ma te ri als sci en tists as the de for ma tion per unit

length re sult ing from a stress, so:

If we had a very long bolt, say 100 inches long, and loaded it so that it

stretched (de formed) 1/2 inch to 100.5 inches, the strain would be

.5/100, or 0.005, or 0.5%. Strain is al ways just a frac tion or ra tio, so has

no unit di men sions. Again: No state ment is made about the mag ni -

tude of the force (or stress) that caused that strain.

Stress and strain are ex pres sions of how the at oms of a struc ture are

de formed by a load and are in de pend ent of the size and shape of the 

struc ture. Stress and strain are char ac ter is tics of the ma te rial, not

the struc ture.
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Hooke’s Law

It may seem ob vi ous, af ter go ing through the above ar gu ment, that

twice the de for ma tion of a body should pro duce twice the re ac tion

force, but it was n’t ob vi ous for a very long time. Peo ple did n’t un der -

stand that or di nary bod ies had to de form to re act to a load. Rob ert

Hooke (1639-1713) was the Eng lish phys i cist who stud ied springs in

clocks and first stated that the re ac tion force of a spring was pro por -

tional to the force on the spring. This sim ple state ment is known now as

Hooke’s law.

In prac ti cal en gi neer ing ma te ri als, Hooke’s law is valid for elas tic sol ids. 

An elas tic solid is one which re turns to its orig i nal shape when a load is

re moved. Rub ber, glass, steel, and di a mond are elas tic. (Grease, in con -

trast, is an in elas tic solid.)

Or di nary elas tic ma te ri als obey Hooke’s Law up to the load where the

spec i men breaks or the ma te rial per ma nently de forms.

Ac tu ally, Hooke’s Law is only an ap prox i ma tion valid for the small

de for ma tions we would al low in safe en gi neer ing de sign. Ex per i -

ments with very strong sil i con “whis kers” (more about whis kers

later) show that the in ter atomic force di min ishes for very large

strains which we do not achieve in prac tice. (The spec i men breaks

first.)

Stiffness - "E"

En gi neers who fol lowed Hooke did n’t seem en tirely clear on the dif fer -

ence be tween elas tic ity as an in trin sic prop erty of a ma te rial and as a

prop erty of the shape and di men sions of the par tic u lar ob ject they were 

de form ing.

Thomas Young (1773-1829) un der stood (in 1807) that it was im por tant

to char ac ter ize the in trin sic “stiff ness” of a ma te rial in de pend ent of its

ap pli ca tion. He found that, for use ful ma te ri als, the strain re sult ing

from an ap plied stress was a con stant. He de fined that con stant to be

the stiff ness and this char ac ter is tic is re corded in en gi neer ing hand -

books un der the sym bol "E," or Young's modulus.

Strain is just a ra tio, a plain num ber, so Young’s modulus has the same

di men sions as a stress, or force per unit area. Nu mer i cally, it is the

stress which pro duces 100% strain, so E is typ i cally a rather large num -
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ber, which does not rep re sent a prac ti cal stress. (Rub ber can stand 100% 

strain, but steel can’t!) 

Val ues of E for some typ i cal ma te ri als are shown be low.
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Young’s Modulus for Typ i cal Ma te ri als

Ma te rial
Young’s Modu lus (E)
(1,000s of psi)

Rub ber 1

Cheap bot tle “plas tic” 200

Com pos ite ma trix
res ins (typi cal)

800

Ny lon fi ber 800

Bam boo lig nin (the ma trix) 1,000

Wood (ap prox., spruce) 2,000

Plas ter of Paris 2,000

Con crete 2,500

Bam boo fi ber 4,000

Bone 6,000

Mag ne sium metal 6,000

Port land ce ment 10,000

Or di nary glasses (beer) 10,000

Alu mi num (2024T3) 10,600

Kev lar 49 fi ber 19,000

Steel 30,000

Car bon (graph ite) fi ber 34,000

Alu mi num ox ide
    (sap phire)

60,000

Dia mond 170,000



Note that Hooke’s Law, and there fore Young’s Modulus, ap plies equally

for both ten sion and com pres sion. Re mem ber that the ideal model is

sim ply that of pull ing or push ing on the in ter atomic bond “springs”.

Some prac ti cal ma te ri als, like con crete and cast iron, con tain in ter nal

flaws which open up with ten sion loads and prop a gate cracks, so these

ma te ri als will fail sooner  in ten sion than in com pres sion. (But we hardly 

ever use con crete or cast iron in our air craft de signs.)

Strength

Nu mer i cally, strength is the measuired stress re quired to break a

struc ture. Strength may be mea sured for ei ther the ten sion or com pres -

sion case, but is usu ally quoted for ten sion. (Con crete, of course, is an

ex cep tion be cause con crete is gen er ally as sumed to have zero ten sile

strength.)

Strength makes no state ment about stiff ness [Young’s modulus (E)].

Por ce lain is very stiff (high E), but it breaks at a very small strain, so we

say that it has low strength. Ny lon is flex i ble (low E), but is very strong

(high break ing stress).

Some typ i cal ten sile strengths for com mon and air craft ma te ri als are

given be low, in thou sands of pounds per square inch. These fig ures

came from dif fer ent sources, for tests un der dif fer ent con di tions, and

can only be used as a rough guide, still there are prob a bly some sur -

prises here!

Ma te rial
Break ing Strength

1,000s psi stress

Iron & Steels:

   Cast iron
   Hard ware store mild
   Auto mo tive sheet (high)
   Pi ano wire (brit tle)

10- 40
60
200- 300
450

Other Met als:

   Alu mi num, cast (pure)
   Mag ne sium al loys
   Alu mi num (al loys)
   Ti ta nium al loys

10
30- 40
20- 80
100- 200
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Non- metals:

   Wood, spruce, across grain
   Wood, spruce, along grain
   Glass, (beer, win dow)
   Por ce lain, good qual ity elec tri cal

0.5
15
5-25
50

Fi bers (Iso lated - not in lami nate):

   Hemp rope
   Spi der web
   Silk
   Cot ton
   Flax
   Fi ber glass (E- glass)
   Kev lar 49

12
35
50
50
100
500
700

Thus, Strength is an ex pres sion of break ing stress, not the to tal

load re quired to break a struc ture. 

Strength and Struc ture:

Our sim ple model of a solid con sist ing of tiny atomic balls held to gether 

by elec tri cal “springs” is gen er ally sat is fac tory only for very small de -

flec tions. Prac ti cal ma te ri als of prac ti cal size ac tu ally fail for other rea -

sons long be fore the in ter atomic bonds are bro ken. Prac ti cal ma te ri als

are usu ally com plex and have a struc ture which af fects the mea sured

strength. 

A com pos ite ma te rial is a com bi na tion of a strong ma te rial (usu ally as a

fi ber) im bed ded in a weaker or less-stiff ma trix. The com bi na tion pro -

duces a new ma te rial with prop er ties which can greatly out per form the

prop er ties of ei ther com po nent alone.

Con crete and Wood As Struc tures

Con crete ac tu ally meets our def i ni tion of a com pos ite ma te rial, so when 

we test a spec i men of con crete, we test a com plex struc ture con sist ing

of a mix ture of ce ment, sand, and gran ite peb bles, which work to gether

to carry the load. In ar chi tec ture, de sign ers have been able to do great
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things while al ways keep ing the ma te ri als in com pres sion. Ro man

arches, domes of great churches, and but tressed ca the drals are all ex -

am ples of suc cess ful de signs which use ma te ri als only in com pres sion.

Wood is pri mar ily a com plex struc ture of cel lu lose. Un der a mi cro scope, 

wood is seen to con sist of an ar ray of tu bu lar closed cells sur round ing

empty space. De pend ing on the state of sea son ing, the spaces may con -

tain some free wa ter. The ta ble of strengths above shows rad i cally dif -

fer ent fig ures for wood for strength tests along and across the grain. See 

from the ta ble that cot ton (which is es sen tially pure cel lu lose fi bers)

tests in ten sion very much stron ger than prac ti cal wood and ap proaches 

the strength fig ure for mild steel. Wood, there fore, as a struc ture of cel -

lu lose, does not achieve the ten sile strength of pure cel lu lose. As we

shall see, wood is a sur pris ingly ef fi cient ma te rial, due to its com bi na -

tion of low den sity, stiff ness, and tough ness. It is sub ject to det ri men tal

ef fects such as rot and swell ing, how ever.

The o ret i cal Strength

For a very long time, en gi neers have won dered why is steel “stron ger”

than cop per, why it is that di a mond is so hard and rub ber so soft, or why 

don’t all solid ma te ri als have the same strength - or none? So far in this

dis cus sion, we have used the model of the tiny atomic balls at tached to

each other with springs. It would be nice if that model could be checked

for va lid ity.

Ma te ri als sci en tists have tried to mea sure the strength of the bond be -

tween lay ers of at oms by ac tual ex per i ment, es sen tially pull ing on a brit -

tle spec i men, and mea sur ing the force and elon ga tion at frac ture.

Know ing the spac ing be tween at oms, the force to break the “springs”

could be cal cu lated.

Based on the sim ple “spring” model, sci en tists have tried to cal cu late

the stress that would just sep a rate two ad ja cent lay ers of at oms, which

would pre sum ably be the stress at fail ure for a given ma te rial. It is in ter -

est ing to note that the the o ret i cal break ing strain for a very wide range

of ma te ri als is about 10-20%, which, of course, very few prac ti cal ma te ri -

als ac tu ally achieve. The break ing strength, then, should be about one

tenth to one fifth of the Young’s modulus, and we don’t achieve a test

fig ure this high in real life.
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Grif fith’s Model Ma te rial:  Glass Fi bers

So things aren’t nearly as strong as they “ought” to be! Why not?

Shortly af ter World War I, at the Royal Air craft Es tab lish ment at

Farnborough, A. A. Grif fith, a ma te ri als sci en tist, tried to an swer this ba -

sic ques tion. The most ob vi ous ex per i men tal ma te rial might have been

steel, but steel is ac tu ally a com plex struc ture of dif fer ent in ter lock ing

crys tals and un cer tain crys tal bound ary states. Duc tile steel usu ally

fails by hav ing crys tals slide past each other, rather than by break ing

the fun da men tal atomic bonds. Grif fith wanted to study a model ma te -

rial which had a sim ple brit tle fail ure.

He chose com mon glass.

Us ing the sim ple “atom ball and spring” model, and the mea sured

Young’s Modulus, Grif fith pre dicted that the strength of com mon glass

should be close to 2 mil lion psi at room tem per a ture. Ac tual glass rods

of about one mil li me ter thick ness broke at 25,000 psi - quite a bit short!

He then heated the test rods and drew them down to smaller fi bers, then 

con tin ued the tests. At two thou sandths of an inch, he tested near

50,000 psi. At one thou sandth, over 100,000 psi. At half a thou sandth,

nearly 250,000 psi. At around a ten-thou sandth, he got 500,000 psi. Ex -

trap o lat ing to a fi ber of zero thick ness gives an ul ti mate strength of

1,600,000 psi, close enough to the pre dic tion, con sid er ing the rough

model!

We con clude that the “atom ball and spring” model is n’t too bad

when we are just stress ing a tiny area of not too many at oms at a

time. In the real world, where we must use lots of at oms at a time,

other fac tors make the spec i men fail.

Why Things Break

Sup pose we could make a per fect “large” crys tal of a test solid, in which

the “atom ball and spring” model ap plied ex actly. The sur face of this

ideal spec i men would be per fectly smooth with all the at oms lined up

per fectly in lay ers. If we test this beau ti ful piece, Grif fith’s work sug -

gests that we should see the true strength of the in ter atomic bond, even

in a “large” spec i men. For this ide al iza tion, we have all of the atomic

Un der stand ing Air craft Com pos ite Construction

14      Sam ple Chap ter - Or der through www.Aeronautpress.com 



bonds across the en tire piece bear ing their fair and equal share of the

load, un til they all fail at once. 

Sup pose we test this ideal crys tal and strain it un til we find just the

stress that causes fail ure, i.e., just sep a rates the atomic lay ers.

Now, let’s re peat the test, but as sume that our per fect spec i men has a

tiny scratch or flaw on the side, one atomic layer wide and sev eral at oms 

deep. The atom lay ers on ei ther side of the scratch are no lon ger at -

tached to their neigh bors. As the test stress is ap plied, the first at -

tached bond must re ceive the added stress that would have gone to

sev eral neigh bor ing un at tached bonds. The bond fails. Now the next

bond in line has even more stress. It fails, too. A tear then prop a gates

across the en tire spec i men, started by the sur face flaw. This is brit tle

fail ure, caused by a stress con cen tra tion, and hap pens to be the chief

fail ure mode of glass for large prac ti cal spec i mens.

This is il lus trated by the trick where a ma cho man tears a tele phone

book in half. The trick is to push the pages in from the side to make

an arch of bent pages. Tear from the bot tom and the “strong” man

needs to break only one page at a time at the stress con cen tra tion!

We can ex tend our ideal thought ex per i ment to an other less ob vi ous

real life case: Sup pose our per fect crys tal does not have a scratch ex -

tend ing into the body of the crys tal, but, in stead, has a step. A step is

any sharp dis con ti nu ity of thick ness, where the spec i men abruptly

goes from one uni form thick ness to an other.

If we load a spec i men which has a step, the thicker sec tion (larger area)

must have less stress than the thin ner sec tion (less area), be cause the

load is the same. Now see that the stress at the outer edge of the thick

sec tion must turn at the step and add to the stress al ready car ried by

the very first atomic layer at the step. Like with the scratch, this first

atomic bond will fail at the stress con cen tra tion and the brit tle tear

prop a gates in the same way as with a crack. The spec i men fails where it 

is as sumed to be “stron ger!”

Frac ture Mech a nisms

Ma te ri als break by one of two mech a nisms, and which hap pens first de -

pends on the ma te rial:
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1) Brit tle crack ing, by propa ga tion of a tear crack, as we have just

dis cussed, and 

2) Plas tic flow, where atomic lay ers slide past each other and

re con nect when the strain dis place ment ends.

We say that a ma te rial is brit tle if it fails first by crack ing. (Bulk glass

and por ce lain are brit tle.)

We say that a ma te rial is duc tile if it fails first by plas tic flow. Gold is ex -

tremely duc tile. Cop per is very duc tile, but less so than gold. Duc til ity is

gen er ally as so ci ated with met als, and is very use ful be cause we use that

prop erty when we draw cop per wire, stamp steel au to mo bile fend ers, or 

hydroform a curved air plane en gine na celle from alu mi num.

For the par tic u lar case of glass, which is go ing to be very im por tant

to our dis cus sion, the chief lim i ta tion to the use ful strength of bulk

glass (beer bot tles, win dows) is tear ing fail ure from sur face flaws

that are im pos si ble to avoid.  By go ing to thin glass FIBERS to re in -

force a com pos ite, we avoid the con se quences of brit tle fail ure and

force the fail ure to oc cur by plas tic flow at a much higher stress.

Note that per ma nent de for ma tion by plas tic flow is still a ser vice fail ure

of a part, even if the de formed part has not ac tu ally sep a rated into

pieces. (If it is bent too far to serve its de signed func tion, the part has

failed.)

We have such an easy fa mil iar ity with duc tile steel in our lives, that

we have a some what per mis sive at ti tude to ward in ci dents of cat a -

strophic fail ure in steel struc tures. To a de gree, a failed duc tile part,

such as a propellor blade or land ing gear strut, might be bent back

to its orig i nal po si tion and still serve safely, though this is al most

never a safe pro ce dure in air craft ser vice.

Whis kers - a Cu ri os ity

It is pos si ble to grow tiny pure crys tals of many ma te ri als in the form of

long smooth fil a ments, “whis kers”, thou sands of times lon ger than

their thick ness. When tested, these tiny crys tals usu ally turn out to be

ex tremely strong. The sur faces of these grown crys tals are gen er ally

quite smooth and free of cracks, and the in te rior is free of de fects. Whis -

ker crys tals have been used as re in force ment in ex per i men tal com pos -
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ite ma te ri als to pro duce quite spec tac u lar (but quite ex pen sive)

ma te ri als. The growth pro cess does pro duce steps where the crys tal

build-up is not uni form. Whis ker fail ure is found to oc cur at the stress

con cen tra tion caused by these steps.

Tough ness - or Re sis tance to Brit tle
Frac ture

Con sid er ing our dis cus sion this far, it seems a won der that we can ever

find a strong ma te rial. Af ter all, we’ll never be able to get per fect ma te ri -

als and we’ll never avoid sur face flaws, so why does n’t ev ery thing we

own tear like Cel lo phane from the in ev i ta ble flaws? The an swer is that

prac ti cal “strong” ma te ri als are those that pos sess the qual ity of tough -

ness, or re sis tance to fail ure from prop a ga tion of cracks. As air craft

me chan ics, we drill “stop holes” at the end of ob vi ous cracks in alu mi -

num to limit that prop a ga tion. But there are plenty of other smaller

flaws that are not ob vi ous. To get tough ness, we must stop cracks.

Work of Frac ture

It is easy to ride a bi cy cle on a hard, dry pave ment. It is very dif fi cult to

ride in deep mud. The dif fer ence is that con sid er ably more en ergy must

be ex pended to de form and frac ture the mud than is re quired to just

flex the tires a lit tle and turn the bear ings. This dif fer ence ap pears to

the bi cy cle rider as re sis tance to her prog ress and to the ma te ri als sci en -

tist as in creased work of frac ture.

Na ture al ways takes the ac tion that leads to a lower en ergy state, the

“easy way out”. When con sid er ing the flow of en ergy, “if it can hap pen,

it will hap pen”. This rule in cludes the prop a ga tion of cracks. If the en -

ergy of the sys tem is re duced by prop a gat ing a crack, then a crack is

what we’ll have.

Grif fith ob served that  there are two con di tions for crack prop a ga tion:

1) The en ergy of the sys tem is re duced by a crack, and

2) There must be a mech a nism for the re lease of the en ergy.

1 - Strong Materials
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If these con di tions are not met, there will be no crack prop a ga tion un der 

load and we may say that the ma te rial is tough.

Strain En ergy and Sur face En ergy

Let us ap ply Grif fith’s crack en ergy con cept to a steel clock spring like

those Mr. Hooke stud ied. Ba si cally, a flat steel clock spring is a beam.

When we wind it up, we are bend ing the beam the same way we do when

we stand on the end of a div ing board and make the board bend down.

As we ap ply force to a clock spring, or any other beam which fol lows

Hooke’s Law, the force re quired in creases di rectly as the strain in -

creases. Force times dis tance is de fined as work and we get this work

back if we let the spring un wind to drive the clock. But the def i ni tion of

en ergy is the ca pac ity for do ing work: we store en ergy in a clock spring

by de form ing the lit tle atomic springs in the vol ume of the ma te rial.

So why does n’t na ture take the easy way out and prop a gate a crack from 

the first handy tiny flaw so that we can’t have clock springs or air -

planes?

The an swer is that there is a com pet ing en ergy state for the clock spring: 

sur face en ergy. The crack will prop a gate if it takes less en ergy to

make new sur face area at the crack than is avail able in strain en ergy 

at the crack.

The at oms in side a solid are hap pily at tached in ev ery di rec tion to their

neigh bors. A sur face is dif fer ent; there are no neigh bors on one side.

To form new sur face, all of the bro ken atomic at tach ments of the at oms

on each side of the new sur face must be formed again with neigh bor ing

at oms or at oms dragged from the in te rior. This re quires re po si tion ing

of sur face at oms and takes en ergy, which is as so ci ated with the new

sur face.

Sup pose we have three ten sile test spec i mens, all un der stress, as shown 

on the fac ing page.  The left hand spec i men has no crack and the stress

lines are evenly dis trib uted. The mid dle spec i men has a small crack and

the right hand spec i men has a large crack, so the stress lines are dis trib -

uted as shown. 
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In each case, the stress lines are con cen trated in the vi cin ity of the

crack. See that the ma te rial on each side of the crack is no lon ger

strained (the crack has opened, re liev ing the strain), so there is no cor -

re spond ing stress. The strain en ergy for merly stored in the re lieved

vol ume of ma te rial is avail able to prop a gate the crack. If the work re -

quired to make new sur face is less than the strain en ergy re leased by

the crack, Na ture has her easy way out and the crack will grow to fail ure. 

This re quired work is the work of frac ture, the same as il lus trated by

our ex am ple of rid ing a bi cy cle in the mud. If the work of frac ture is too

great, there will be no prop a ga tion.

Whether a crack prop a gates or not de pends on the orig i nal size of the

crack, as well as the qual i ties of the spec i men. If the crack is very short,

there is only a small vol ume of ma te rial which is re lieved of strain, so

there is only a small ad di tional en ergy to con trib ute to the tear. 

Con sider the large crack on the right, in our sketch. Now the crack is

twice as long, but the vol ume of ma te rial re lieved of strain is greater

than twice as much, ap prox i mately pro por tional to the square of the

crack length. Even tu ally, this “square law” will catch up with us, when

the strain en ergy will be enough to meet the work of frac ture rule, and

the tear will prop a gate. In the sim ple case, there will be a crit i cal crack

length, which is called the crit i cal Grif fith length. Be low this limit, the

crack is sta ble; above it, the spec i men tears. 
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Ac tual num bers for the crit i cal Grif fith length de pend on the par tic u lar

ma te rial and the ap pli ca tion. We see, though, that for tough ness in a

ma te rial (large work of frac ture) there is some mech a nism where lots 

of en ergy is ab sorbed far from the frac ture sur face. Our bi cy -

cle-in-the-mud anal ogy il lus trates this; the rider ped als hard to frac ture

the mud, but the ac tual frac tur ing takes place many inches from the

ped als, due to the mech a nism of the bi cy cle! Wood and steel are par tic u -

larly good ex am ples of tough ma te ri als be cause their fail ure mech a -

nisms in volve move ment of cell walls or crys tal bound aries over a large

vol ume, far from where the load is ap plied. Give Na ture too much work

to do and she won’t do it!

Strength and tough ness are in her ently mu tu ally ex clu sive. Much

of com pos ite de sign is an at tempt to find so lu tions to this com pro -

mise prob lem.
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