Lawrence Berkeley National Laboratory
Recent Work

Title
THE THREE APPROACHES TO MECHANICAL PROPERTIES OP MATERIALS

Permalink
https://escholarship.org/uc/item/7961915w

Author
Dorn, John E.

Publication Date
1967-08-01

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/7q61915w
https://escholarship.org
http://www.cdlib.org/

W‘,)\_\_._};{_ﬂl\\q_‘r__,n/_ﬁf 5. s 2T S T e, oY R e DY N R _f>7““-”- R J”‘“"
\g,.@g%%&mn g @Qf EL\RJ; 3@@5@_1 /3?5\’ : ;S‘WC LBL ) ?WL_,T@E{ 30

: \-._\_.

%v ) \“\}Hﬂ[;
33( LB

\ v/' N\ “6‘&-&"‘%?/:9‘1\: = t/'j r-“’hg?;e 'fj"‘"f;"g{: PSR er"l N
Y fa i (o) @%‘@w i i*&a
7S '5'“*%‘{‘“\ N = FEES, 7 ?v XY
KL rg gm@%m@%%ug @, %@@ (@Ja /j@ & j@ﬂ.\i &)@Q
e IS AN \»_/, <

e

2 {‘ gt 1\ (/ m

(s 7
[@%}%@m& uﬂ@u @31 (o)

SO S
B QLN 5&_/’%;
S @2

0

AKX LR ,< A LR \j
e @Ec *Ne : \Mé%@)@&v;
7 .——:\:,\("‘ An‘i\,?’?@\fﬁa" S g 7 Cz -~ | 3 vr-:‘
M"'[\ on 2w AL N \,f . .a‘—; , ,,o 2 NG 3\,/,,,
; & d g_),, EED%C 5 ﬁﬁgf %"‘i\%j /KLJL;/%E L r'@@!&\iu RLY, @jﬂ
fatiol A aiar

o s ot jn e i oy Juteh @

e NNy a? Sy 7
E&ﬁ@_};\‘{@; &Dﬂ\“ g &m‘%/@]ﬂg&@&, ( _um C/&@@\/ /ﬂu&\ﬁﬁ@ @‘ &) %
| (8%@ 4 @@ ~ @;’% ) @& @Pﬁg @'m’ @J@ﬂﬂ%@
| w@ﬁwg@ I @f i?*
o ‘r@swﬁj@m%-@ =% ‘@»w;gm oo
NJLJ/B@@%E@&%@. @L«?&j@@%@aw G M@Ly g&gg/y\u@@/jf’ R ,BQJM& Wi
e
‘ FHREE AD MEGEAN ”?’*?‘i“ “““
s JOBEERRA) e%éc&a%z\@ x%x %@@) “‘Eza
V »Ma\ > - - .
FESTH ?“'ﬁ"\_« "T’P'@/‘vn?* r“m /ﬁ*& "E%‘:;‘—Eii‘\ s -\

19&%&@&\3(\@@1 -“VT L3y

TWO \X/EEK LOAN COPY

@E' ’/«v/,.” ."
B G LT
\ N\

(=

j QE@LQ? @-5}6
Thls is a I_nbrary Clrculatmg Copy . | S

i@b xf@_ggj\
whlch may be borrowed for two weeks. Al j&

|| TR For a personal retention copy, call - N L) L}Dj‘ﬁ\ Qﬂﬂ/} u'r

m I 1 Tech lnfo Dwnsnon, Ext. 5545 = = S

s . _JL%M;E}L,/; Kimi ))&33@
/8 E&j%\é@@ﬂ ‘WLJ »{(g}w o [g@\ %M

S, /_% S (*

?r &‘5’7""‘%“ = : . o
\\ r}(\//‘] S N ( TN b
J@ng i QML \Lu%rl/} _,@LM, ik &%@;B% L);gm\jf Lot g%m%?i&@u (@3_‘5 Ko )f

A
e




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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I NTPOUUCWION

The mechanical behavior of materials is an area of primary interest
- within the general scope of materisls science. By far the greatest
ton nage o-veng’neefiv meterials is destined for applications in structures

~and machines that must resist either static or dynamic loading. In

contrast the production o? materials for electronic, chemical, nuclear

s . { - » Y u o 3 ) 3
and other miscellaneous applications is quite small; this fact, however,

L

3

in no wey detracts from the,great importance of these.applications.
B Ay

i
N ‘

‘But even vhen the-majo% issue of utility depena§ on other propertleé
é.g.veleétronic, néverthe;ess‘the mechanical propérties, e.g. strength,
fatigﬁe, énd{shéckireéistaﬁce, cbntinue <o have'significanée in their
énginéering applications.
Engineers are dediéatéd to the efficient and economic utilization

.

- of materials for the benefit of man. Because of its universal application,
all eng inee*s, reg dless of their individual fields of specialization,

‘require a substantial background for coping with the diverse aspects

. of the mecharical properties of materials
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IT.- THREE APPROACHES OF INSTRUCTICN IN
MECHANICAL PROPERTIES OF MATERIALS . | A

. <
" The subject of mechanical vproperties of materials can be presented

",
to stucdents from one or several of three viewpoints. These might be
. , ,
classified as follows:

1. . Continuum Mechanical

2. Microstructural

3. Molecular and Atomistic - . . .\
. Each of these require clarification relative to their meaning within the
context of this discourse. .

1. Continuum Mechanicel.. This approach.refers to the application

of the'ﬁow5claSsicalﬁmethods éf.the mathemetical theories of elasticity
and plasticity to a description of the mechanical beﬁavior qf materialg
_under combined‘stresses. Its development took place over the paét
2000 or more years; buﬁ the major advanceé in utilizing th;s analyticel
‘method have matured over about the last 100 years. " provides‘a.

venerable and time-tested methed which, even today, constitutes the
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‘principal proceedure for integrating mechanical design in térms of ,the

- mechanical properties of materials.

f

Usually 'this eaporoach employs simplifying idealizations of the

actual mechanicel behavior of real meterials. For example, it might

assume the validity of the linear isotropic theory of elasticity and
, N je

idealized'plasticity with & constant deformation stress. .On the other .
hand it has great flexibility, as' its formulation can be generalized to

accommodate non-linear elasticity, anisotropy, general conditions for

i

strain hérdening, the analysesbof ductile, quasi~-brittle and dbrittle
A‘fracturing, fatigue failures, and time-dependent deformations such as
those.encouhtered.in creep of materials. Furthermore by employing

* Voight and»Maxwelliaﬁ models of meterials it can accommodate in its

—

analytical structure, damping capacity, creep recovery and the anelastic

behavior of materials.

)
s

Despite its universality and well-documented utility +this analytical

approach, when used alone, has a number of serious limitations. In fact

’

N

these limitations arise principelly from its inherent emplricism and
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extensive test data on the significant mechanical phenomena of known

he

somevhat false attempt at universality. To apply this approach,

‘materials must be available in the form of parameters, such as moduli

of elasticity, yield strengths, rates of strain herdening, endurance
limits, etc. that need be incorporated.intb’the theory. Consequently

the continuum apvroach does not and, in general cannot, provide either
L o . .

. N . : .
the practical,or theoretical basis for developing new and better materiels.
. i
- A
AN

M
Ty ' \

Nor, disregerding some minor exceptions, does it give the basis for

i
'

Judgement- or prediction on how a given material might behave under new
gnd‘untestedfcdnditions. Another limitation, somewhat associated with

the above-mentioned empirieism and universality, arises. because the

analyses. are structured in terms of continuum concepts whereas materials,

t

in fact, are molecular or atomistic in nature. Therefore the macroscopic

analyses smear out and average all of the significant stomistic and

" 3 " : 3 . . >
microstructural factors cn which the mechanical behavior of real

metérials depend. '

Wnereas the continuum spproach is invaluable for' decisions on
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the metallographic art has developed into an invaluable tcol which isi

plastic forming of materials and the conversion of known mechanical
properties into selection criteria and design limitations, it leaves

a substantial vecuunm regarding the mechanical behavior of materials in

[£]

terms of their atomic bonding and microstructures. This vacuum needs

to be filled by alternate apovroaches.

2. Microstructurzl. This approach was initiated in the latter .

“half of the 19th century with the introduction cfovtical microscopy

) .
' i I

-when the eerly metallographers, such as Sorby & Martens, first observed

that the mechanical properiies of metals depend not only on their

chemical composition but also and in a very sensitive way on grain

structure and the types and distribution of phases present in the

microstructure. It soon became evident that how materials are put together

on a microscopic basis determines, in large measure, their mechanical

behavior when viewed on-a continuum basi . - Over the intervening years,

f

now used éxtensively in g1l engireering evaluations on the mechanical

behavior of materials. Ts utility has alsc been extended to include

¢
§

!
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erumic and high polymeric materials in addition to metals. . Recent

g

~developments in electron microscopy, principallyvthose employing replica

pess

techniques but also those based on electiron trensmission, have ilow so
extended the resolution *o vermit viewing of rhases of submicroscovic

sizes.
The metallographic apoproach pernits a comparison of the ever-

important continuum properties of materials with their microstructures.
. ! . : N
: N
A few prosaic examples ‘will serve to-illustrate this point:

1. In a single phése of ductile material the yield strength

-~ \

increases and the rate of strain hardening decreases as the grain
size is decreased.’

2. ' Whereas some phases, e.g. alpha iron, .are ductile, other vhases,

.Such as cementite, are brittle.

w

The continuum mechanical properties of a two-phése composite
are dictated, at least gualitatively, by the properties of the continuous
Phase. When the continuous vhase is brittle, the composite behaves in

a brittle fashion; dbut when the continuous vhase is ductile, the
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apparent in terms ofvthese examples of its utility:

to deséribe the nature and origin of the mechanical behavior of materials.

composite also is somewhat ductile.

’
¢

4. The continuum mechenical properties of a hard brittle phase

‘

distributed in a ductile matrix depends on the dispersion of the brittle

'

-

phase. When the dispersed phase consists of closely spaced fine particles

the yield strength is higher and the rate of strain-hardening is at

first‘higher-ané'then lower than for e more widely separated dispersion

{

i

of coarse particles. - . ‘

. o . ' . . N . . o
‘. § i N .
Several important features of the metallographic approech become -

3

'

-1, It provides a new and deeper insight into the origin of mechanical

’
-

properties. When,.for example, theoretical continuum mechanics are

N

appl;edsto calculate -the effects of grain size and dispersions on mechanical
behavior, the theory, suggests that such effects should not exist.

Obviously classical continuum mechanics, as-it'now stands, is incompetent

.

2. On the other hand the metallographic approach is never a

- - ;

. J/ .
substitute for the corntinuum mechanical epproach. It ic ziwvays used in
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conjunction with knowledge of the continuum proverties and ‘supplements

this knowledge with detailed information on microstructurel effects.

3. TPurthermore the metallographic ap broccb is highly empirical and

"In spite of its empirical, comparative and gualitative nature, the
he continuum

mechanical approach. In the hands of a competent materials engineer

N

it is an invaluable tool for co.w.o1 of heat treatments, obtaining i

optimum microstructures, uncovering undesirable microstructures, and
in revealing the origin of failures. All engineers require a sound

background in this area, not only for specific problems but equally for

3

general indoctrination in the important relationship between mlcrOSVrucuuro

and mechanical properties of materials.
On the other hand even when the metallographic approach is used
to supplement the continuum mechanics approach, many important questions

( . R ~

are left uhanswered. £ Tew of such cuestions will illustrete this point:

1. Vhy are single crystels of f.c.c. metals so scft and those of



Ciemonds so hard?

.

4, What caus

|
\O
|

o

some Ccrys

es.strain narcdening?

e

slip in the directions.
re also most densely
talline materials increase

. . & o A o K - = e 3 2 e 3% "
an LICréase in girein rave and in ovaners Only mocesviy

5. Why do metals Tirst exhibit high creep rates at temperatures

above about one-half of their melting tempersa

It is interes

tnese questions hecause they wsre never constr

ting to note that these cuestiozns remain unanswered

2% - -~ 'y - =
chey will remein forever incomveten

-~ -_ P2
- TO answver

ucted so as to provide
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vrealm but rather in the much finer details of atomic bonding, the

molecular structure of crystals, glesses and polymeric materials, coupled
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3. Atémisfic. 'Thé atomistic approach. is based on three:major
complementary advances in our knowledge. It might be said to have
starﬁed in 19;3 wheg Zragz, end ven Laug_and Knipping first demonstra ted
nat'érysfallide solids copsist cf ordered arrafs ¢? atoms or groups of

atoms on three-dimensiocnal lattices. Although the atcemic dbonding in

gene“al and unified approach to atomic
1926 when Schroedinger first postulated wave mechanics which finally
led to the electronic band theory of solids. These concepis alone

nermit analyses of the origin of the cohesion and elastic properties

PR

berials but were unable to account for their significant plastic

gn

of =
pehavior.’ Bat in 193L as a result of the efforis of Dehlinger, Orowan

I SN X n g - -, S i 4 - 1 i o 3
T CICEne HNOWA TR&T TLEe moiion ol linear lattice



Cetails for glide in crystals. Over the same period of time it was

[oN)
oy
s
g
+
o
o]
1=
o
H
[&7]

found that the mecharnical behavior of liguids, glasses an

LfTusive moticn of molecules or

-

could be rationalized in terms of &i

1

chains of atoms that comprise their less feg’lar structure.

At Tirst progress was very slow ﬁecausé first dislocations had not
yet been seen and.secondly because of théir extremé-versatility.
How thée same dislocations that pérhit sii?-to occur in single‘mefél

crystals at ﬁhe‘low flow st?ess of 100 lbs/ini couid.aiso account for the
high stre?gth of 100;000 lbs/inz‘or.more in severely work hardened metals
seemed to pose a paradox.f»With the advent of electron—transmission
micfogcopy and several aiternate techﬁiques'that have begn developed

to ﬁéee"‘dislocatiéns the doubt concefning the existence and importance
of_dislocation;’vaﬁished and most of thé praradoxes have been resolved.
Remarkeble strides_héve been haée‘particula%ly over the past 15 years

in rationalizing on the atomistic basis, the mechaniga: techavior of

f

many materials. On the other hand, such advances as . have been nade,

2 e 15 S A R R e e T Y 4 aney =Y . 4 -
fave usuelly uncovered more areas oy researcen than were cnougnt tc -
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exist originally. Dislocation mechanics is yet in its early stages of
development but it is now certain it is a fruitful avenue of approach

to the understanding, correlation, and rationalization of the mechanical

nt.

’.
£
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w
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vehavior of crystalliné materials from a basic atom
Dislqcation théory is ﬁow being exténsivély_appliéd to thé dé&éloﬁment
of new and‘beﬁtér éngineering matérials. This is most in evidence in
the development of‘ausforming steels of reﬁarkable'?trength and good

“ductility and in engipeering dévelopment, for futuré high temperature»
applications, of intermetalliic compounds.

The elements of dislocation theory are easily taught to engineering

students at an early stage in their education. .Dislocations are merely

linear elastic strain-energy fields. As such elastic strain-energy
fields move under the action of shear stresses, the crystal undertakes
vlastic deformation. Thus plastic deformation is no lenger a new and

different area of knowledge but is merely an easily explahable extension

of classical theory of clasticity to Iinclude the motion of linear elastic
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via work or energy principles. These methods are well known to engineers

and their utilizati
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recuires extensive knowledgze of the more scphisticated wave mechanics

},

:

theory. Fortunately many of the concepts on stomic bonding might be

nresented in & gualitative way .in a first course on dislocation theory.

‘

Thus some knowledge on dislccation theory can be presented at an early

.,

e -

‘stage of an engineers program of study. . o _ !

)

TII. PREREQUISITEDISCIPLINES

Ip thg pfeceeding‘§i§cussion some of the.éssenti&l disciplines for. B
_un@erstaﬁding the mechanical properties of matérials»wefé briefly
pentioned. Hef¢ the ihterdisciplinary nature bf the.suﬁjegt as outlineq
'in Table I will be more completely scr tinized.

As shown, the Continuuwm Mechanicel approach is rather narrowl

defined in terms of a single discipline, n.mely applied continuum mechanics.

N . - H i

i
1
»
¢

L
ct
oy
D

Although the subjects listed are essential to an understanding o

mechanical response of mabterials, they are not, in themselves alone :




Table I°

" 'Discéivplines Esdential to Mech

A, Continuvum Mechénical

1. YNewtonian mechanics

2. Strength of materials

3. Mechanical testing

L. Theory of elasticity

5. Theory of plasticity _

€. Mathematics: Partial @ifferential equationsv

Potential theory

Numerical analyses

i

B. Microstructural |

1. Crystal structure: Crystal lattices - ;
. X-ray and electron diffraction
Atomic;bonding (qualitative)
‘ Packin: of atoms
Stacking faults
2. Statistical thermodynemics: Boltzmann statistics .
Phase equilibria
Surrace tension’ ; i
Order-disorder equilibria
'Point defects
L 3. Fermi statistics: Quantum mechanics
‘ ~ Bond theory

Stability of phases

E. Kinetics of solid state reactions: Diffusion ;A

; ' o Nucleation and growth
' . Mertensitic reactions

i
5. Microstructures and properties: Optical microscovpy f o
Replica electron—microsfcopyg
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Table I continued

:

Transmission electron-microscopy .

Correlation with Mechanical pro

i
i

C.. Dislocatiorn Thedrv

1. Athermal mechanisms

. Thermally activated mechanisms

2
3. Viscous behavior of dislocations
L. Relativistic conditions

5

. Electron-transmission microscopy

N

"

materiels science. They merely indicate the engineering utility of
mechanical properties and do not and can not provide information on the
physical and chemical origin of such properties.

The orientation of interest toward the materials science aspects

‘are first emphasized in the microsiructural approach which provides a

correlation of atomic bonding, crystal structure and microscopy with
properties.; Here also the basic interdisciplinary hature of materials

science becomes .evident in the direction of knowledge on continuum

¥
H
i

mechanics,’ the physics and chemistry of bonding, crystal structure,

¢
£

prese equilibria, kineties of reactions and microstructure toward a

Py

e 3
pversie

3

i
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comparative study of the mechanical behavior of materials.

ionalization of the physical and chémical origin of
the mechanical béhavior of materials ?égins with the Afomistic approach.
it nmust De gnderstood that this approach is superimposéd on top of the

microstructural approach. Conseguently all topics under the microstructural

approach have even greater impact on the atomistic approach.

IV. BALANCED INSTRUCTION - \
Because of its interdisciplinary nature and its requirements of a

“broad engineering and scientific background it is difficult to achieve

\

o

an alequate balance of desired breath and sufficient depth of instructior

N

.

n méchanical»propefties'for all engineers. ‘This problem is not uniqu¢
to the engineering‘profesgion; it is also prevalentiin the medical, legal,
and all other highly'developedvprofessiohs. As in the;e professions,

so likewise in engineering we need the geﬁeral practitioner and also

the specialist. TheAsuccess of their cooperation depends on the general

praciioners early recognition that he needs expert help in depth in an
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area where his general knowledge is too shallow to permit him to solve

N

the problem alone.

-

The specialist of materials science on the mechanical behav

|

or
of materials usually requires a broad and diversified background in

engineering, physics, chemistry, mathematics and the wvarious special

subjects of materials science per se. In addition he must be treained

'
'

in the area of research. It appears unlikely that this objective can
. N

PN
.

- be achieved with less than the Ph.D. degree in the area of specialization.

'
i

i

On the other hand a materials engineer whose duties might involve
advice to his colleagues on selection of materials, control of casting,

welding, fabriﬁation and heat treatment, and inspection of failures

o

: : L : - . : v
might be adequétely trained at the B.S. or M.S. levels. In contrast

to the Materials Scientist he need not be tra;ned in réseérch methods
furthermore he has’léttle‘neéd for great depfh in the‘physics of atomic
bondingband c;ystgl‘sfructuré or disloqation théory. Hé shopld have a
good bac?grénnd iﬁ,phasé diagrams.and some knowlédgé of;egu;libria and

tinetics of reactions. His major forte should be concerned with micro-
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structural approach more as an engineer than as a.scientist:

As mentioned previously, all engineers have a vital interest in':

!
s

'
v

the mechanical behavior of materials. As general practitioners, however,

they will not be able to delve very deeply into the subject of mechanical

properties. Undoubtedly all will have some background in strength of?

. . " .

materials, theory of elasticity, and mechanical design. In addition
i . ' - .

meny mey haeve some instruction in the theory of plasticity. Very likely

s

they will have time only for one year course instruction on materials .
science per se. In this event major emphasis should be given to the

microstructural aspects of mechanical behavior,. including crystal

structure, atomic bonding, phase diagrams, equilibria,kinetics of
reactions, heat treaﬁmént and microécopy. Although dislocation theofy
should be deemphasized:some bgginning instruction‘ih this field is
nevertheless desirable in order to give the student somé baéis for
judgement on the.aﬁomistic nature of plastic deformetion.

It is indeed difficult to prescribe the needed ratio of prodiction

of students in the three categories that have been mentioned. Perhsps
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it is not too wrong to suggest that for each 1000 mechanical enginecrs,

there be about 50 materials engineers and about 5 materials scientists.

V. SUMMARY
1. All engineers work with materiais;gnd thérefore néed some

.insﬁruction‘on the'mechanical behaviqr‘of'materials.

2. :Theré ére_threg major approaches tq-#he méchgnical behavior of
matefials£ c;ntinuuﬁ:meqhanical,.microsﬁructuralAahd_atomistic.

3. All th?eé ap?roaches are essentiai to a’basiq‘understanding of
the:ngture_and qrigin of the mechapiéal behaviog_of materials.

'hf_-Mafgrials'science is‘an ihterdiSciplinary.subjéct coveriﬁg;b.
enginéefing aﬁd the physics aﬂd.chemistry‘bf solid;.
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