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Introduction

The properties’of‘armaterial depend.on all the elements of its’
structure: from the atomiénd:its_components, atom aggregates ‘and lattice
defects which comprise}fhe.microstructuré} the macrostructure and.finally
the sfructural'member or.dgvicé itself? - Physical metallurgy or
materials écience is:concerned mainly with thé microstructures and
their effects on proberties. In practical maferials the microstructures
are almost always in nbn—equiiibrium. Ideéxiy when these relations are
completely understood they caﬁ be controlled and consequentlvy these
aspects will lead to important new contributioﬁs'in allqy design?'SThe
réﬁge of microstructures Qf interest here varies in scale:from angétroms
to milliﬁeters and comprises dislocations to grains. If metals were
free from defgcts they would behave ideally and have very high‘strengths.

However, because it is not possible to manufacture large pieces of metals

without grain boundaries or other defects at which dislocations can be

“generated and move and multiply at rather low stresses, high strengths

‘can bnly be achieved'practicélly by designing alloys in which micro-

structures can be produced which limit dislocation motion. Whilst

this is not difficult to do it is at the same time very difficult to

achieve all the other desirable eﬁgineefing properties, for examble
ductility, toughness,‘fatigue,cfeep and corrosion resistance amongst
othefs: - This is _the main”bhallenge to.physical metallurgists
today.' | |

Since it is‘impossib1e to cover the whole fie}d of physical
metallﬁrgy heréf.we proposé to indicate some general features that

are important in areas such as mechanical properties and alloy design

¥ Qee the main referencec erited aleon fFor lecrtiives V) &
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and which attempt to link the material giventih the earlier lectures.
The illustrations used.are derived from existing research programs
at Berkeley. ' The references are typical but are not comprehensive.

Strengthening of Metals. .

The methods of strengthening metalslall relate to providing:

obstacles to dislddations.3_8. The yield stréngth 1y = Gb/L where G is

the shear méduius, b_ié fhe Burgers.vector of disiocations'and L is
the séparation of oﬁstacieé. If.:y ideal = G/T.S.the limit on.L is
about' 15 atom diamétefsf Exampleé 6f obstéclés and methods which
can be éfficiént in strengthening includé the foilowing:

1. Dislocation—Diélécétibn Streﬁgghening: Dislocations can be
introdﬁced by plastiéldeformation to cause Work hardening. ‘Howevér,

there is a limit to the amount of plastic deformation that metals can

wtihstand without fracturing. One of the most successful strengtheniﬂg

cold wo?king processes is Wife‘drawingzin which high densities»of
dislocatioﬁs are arfanged in sﬁall cells elongafed élong the-drawiﬁg
direction. It is very &ifficult;_however, to obtain uniforﬁ distri-
butions.of-dislocétioné sinée in uniaXialvdeformation, bahds‘ér-cell
structures develqp (fig. 1)._ quévér, high1$train rates such as‘
explosive defo;mation (fig. 2) and shgar traﬁsfdfmations such és
martensitic or bainitic reactions  can give rise to high densities
of uniformly distributed dislocations (figs. 3,4).

bisiocated martensites-are4genera11y toughgf thén twinned mar-

B0

tensites even at the same yield strengths (fig. 5) so that control

‘of composition and processing is important, since the transformation

9

substructure is composition dependent as indicated in Table 1.

Generally the carbon content in austenite mustvbé less than about



0.3% if twinning is -to be.avoided’and the”richet the solute content

the greater is the probability of twinned martensite. The most

likely reason that tw1nned marten81tes have poor toughness characteristics
is that they themselves deform plasticallyvby twinning rather than slip
and twinning is notjﬁseful in preventihg crack growth (see fig. 3 of

my P’-’f’-""io‘-l.S chapter). Thus, if thevstructure or microstructure restricts

plastlc deformation by slip the toughness deterlorates.

TABLE I

STRUCTURE OF BODY~CENTERED FERROUS MARTENSITES FORMED ON COOLING THROUGH Ms-Mp*

Alloy System Ms | Substructure/Composition*¥
Fe-C L ‘ - »350°C C < 0.3 mainly dislocated
v : ~ ' laths
' ~ - . - . . -
<250"C | C > 0.0 wminly Lwinued plaies '
Fe-Ni - -~ . | -~ >-50°C | Ni < 25 dislocated laths
-30°-150°C Ni > 30 mid-rib twinned only
and below ' :

 Extent of twinning increases
with % Ni, and lower Mg

Fe-Ni-C as above " Increase in carbon for same
: nickel content & vice-versa
enhances twinning

Fe/25Ni/0.3C/4.5Mo _ <=T7°C All meinly twinned. ‘However

' ausforming causes precipitation

+4,7 Cr , -16°C of carbides, so that the result-

- ; ing martensite is less twinned.

+1.85V -3°C : '

Fe-Ni-Co-C ~260°C C < 0.3 dislocated laths
(1/2Mo/1/2Cr) -
150-260°C C > 0.4 twinned

cobalt does not decrease twinning.

1




he

Fe/Cr/C

~

~ 350-400°C Partially twinned
Cobalt raisés Ms -~ does not
‘decrease % twinning
Fe-5Cr dislocated laths
Fes8Cr«1C" . ~=30°C twin density decreases with
. ' ‘ increasing plate size
Fe/5Ni/0.25C - 315°C mainly dislocated
Fe/3Mn/0.25C 315°C " mainly dislocated
Fe/5Ni/TMn/0.25C “65°C mainly twinned
Fe/TMn/0.25C 190°C mainly twinned
for a‘giveh carbon level, -
manganese promotes twinning.
Fe/Ni/Ti dislocations and twins
depend. on Ni/Ti & heat
treatment
Fe/Cr/Ni metastable low stacking fault energy |

austenites

dislocated o from ¢

* Al1 data here refer to nominal cooling rates. The Ms temperature
‘'and structure can be varied by varying quench rate.

® % Compositon;refer to weight %.

=
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A fine distributién of dislocation cells is analogous to fine

écale grain siZeistfehgthening.-'The barrier distance L is about half

"the cell (or grain)rsiée' The cell walls or grain boundaries can

- trap as well as emit dislocations. A'practical liﬁit on L by this

class of strengthenihg is 0.5 to 0.1u;'c6rresponding to yield étrengths
of ~ 6/100. o
2. v?article strengthening;

Iﬁ this scheme 1arge nuﬁbers qf.second phasevparticles are required:
They can be produced by,special teéhniques of dispersing hard inter-
metallicé such as oxide particles (e.g. SAP Al, TD Ni) by heat treatment
such as in age hardening aiuminum alloys and>struétural steels, or by
more compléx thermal—meéhanical treatments used fdr alloy steels. The
properties of the matfix.are'determinéd by the disloéation—particle
interactions and are influénéed by the relative strengths of matrix
and particle and the.naturé of the interface (coherent or not) (Fig. 6).

The properties of the alloy in total however also depend on the grain

- boundary structure and properties.‘ The strength of the grain boundaries

is not usually equivaleht'to that of thevmatrix and if these differences
are 1argé, intergfanﬁlar féilure becomes common. One of the factors
leading to this failure is the development of non-uniform microstructures
af and near the boundaries. ‘A famous brittle example is in the Al/Zn/Mg
type of‘high strength alioy'in»%hich hard Man2 particles form along

the beundary, but adjacent‘to the boundary.a precipitate free zone

exists in which nucleation of pracipitates is difficﬁlt probably due

to the less of vacancles to the boundary itself%o " This kind of heter-

.IOgéﬁeogs‘nucleation is'typicai.pf many alloys but is not found in

3,4,6,7
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.homogeneéus precipitatioq systéﬁs,éuéh as_épinodals fér which tﬁere is
né nuéieation'barrier. Eiguré 7 is a dramaﬁic eéémplé of the morpho-
1ogic51'differenCes‘befWeén these Systeﬁs., This is not to say that |
the sﬁinodal microétfﬁcfufe-nedessarily means the avoidénce of inter-
granular failure. Segfegatioﬁ caﬁ be detected by micfopfobe téqhniQues
even th;ugh the microstructure appgére to be uniform, and in the
previous chapter examples were sﬁowh of the fractography (fig. 8) and
‘segregation (fig. 22) in thg Cu/Ni/Fe spinodal. Another difficulty
with these grain bOundary phenomena-ié corrosion and stress corrosion
susceptibiiity_which is clesely relatéd to restricted plastic flow in
the grain boundary regi§p.

Pfecipitation pfoduéed by»sblutioﬁ heat:treatment énd éging can
also lead to’hefefqgeneous micréstruétures’within the matrix; The
quenching tréatment retéins-iarge nuﬁbers of vacancies which can
condense to di#location loops, form helices, etc. upon which prefer-
eﬁéigl ﬁrecipitation is favoréd (nuéleation bérrie; réduced). Figure
17 of the last chaptér is aﬁ example of thié effect in Al-Cu alloys.
The aging is doﬁe to prodﬁcé>mainly the'eﬁ phase but iarge'ef particles
have nucleated and grown ffom diélocafibns.. These regions seem to
cause fatigue failure due to.prgfefential élip there.io The yield
strength variation wifh aging in the Al/Cu system;iSAindicafed in
fig. 8;. The ductility varies,iﬁversély; This behavior isvfypicgl

of aging systems includiﬁg_fefrous alloys.qslg

As 1nd1cated chrlierﬁthemmgrpﬁologyTof“precipitation strengthened systens

depends on the nucleation criteria and on the strain enefgy factor.12

- g
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The latter controls the'ﬁarticle shape.  Sphereé; platéslénd rods-gre .
all well‘kann featuresiiﬁ-Al.éliéys; Thé“largef the'éfrain energy,
the leés'teﬂdency theré-is for éoﬁeréncy, and incoherent interfaces.
tend to promote'iﬁterhal éraéké byfffactﬁre along the interface of

the particle and {ts matrix. Thus the nature of the interface is

very important .ih affeéting the slip characteristics.

T#ble 2 summarizes the featuresidisuuésed in the above. Figure 9
summarizes the obsfaéle'sgreﬁgthening prihéiplé in relation to the
properties that are currently attainable. The gap is still too large
between theoretical poésibilites and actual achievements.

The character of thé.microstrucfﬁre_is also impbrtant iﬁJaffecging
the propextieé ofvsteels which ére heaf—ﬁfeaged by cénventional qﬁench—
tempering methods or'iSOthermally to lower bainité; The fiﬂ; structure
of martensitevié related td the.transformatibn sheafsvwﬁich can be slib
or twins or both, Tﬁ*alenl.'-\:ﬁgéeﬁt .Sbsérvations indisate "that_‘di‘sloéated marten—
sites haﬁé Sﬁperior téughﬁess compared to twinned ﬁérténsites of the
samé_yield étfengths”(fig;vS). 'AS a result of these observations (e.g.
ref.ilk) it seems tﬁat isoéhérmailannealing to form lower bainite mayA:
be supéridr heat treatmént to éuench/tempering_since loﬁer bainites are
not twinned: aid are toﬁgher than the twinned alloy 6f the same compo-
sition. Mowever, temﬁéring c#n producebembrittlemeﬁt_by precipitation
of cérbides along the disiocatioﬁs, e.g. at lath boundaries. Impurity
segregatién is also important.b |

Spécial, more'¢omplicated¥processing‘involving’thermal/mechanical‘
treafments have been successful in obtaining strong and ductile steels,
L5

e.g. ausfdrming3. and "tripping' which differ only in the manner
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 Table 2

Characterigtics:

Ductile

Spinodals

.Refractory

Low to moderate.
strength, good
ductility

High strength

possible but
poor ductility
common

Very high strengths
- possible with poor.

or moderate duc- -
tility

Agebhérdening (Al alloys
alloy steels)

Heat treatment as for age-

"hardening:

Compacfing, powder metallurgy
as - in Ni and W base alloys.’

Special processes, e.g. Dupont
TD Ni. i

- Internal oxidation of an alloy

so as-to cause one component
to precipitate as an oxide.

Fiber techniques.
Eutectic alloys.
Combination of thermal-

mechanical treatments, e.g. '
strain aging, :ausforming.




&

: o-

in which the trahsformaﬁion is effected (fig. iO); The strengthening
response in auéfofmed steels is.largeiy a reshlt.of precipitation—
dislocation étfengthening, i.e;'deformation‘of mefastable austenite
résults'in precipitation of éafbidesvahd the ;atter cause dispersibn
har&ening and dislocation multiplication as dislocations are generated
during the a?stenite—mgrtensite”shear tfansformation.onvcooling below
Ms3 In the'TRIF'process‘@he austenite’ié strengthened by &eformation
and martensite is'gtrain induced by deformation above Ms but below

Md13 The resulting martensite‘showé'Ektremely fine laths as compared

to cbnveﬂgionaior ausformed martensites (fig. 11) so there is consider-
able substfuctural refinement and strenéthening.' The impoftant benefit,
however, is that higﬁ toughness is'obtaingd because the trénsformation
to marteﬂéite is effective in preventing he¢kinga More details of
these new.and'éxciﬁing techniqués are given in'?rpfessor Parker's

lectures.

‘Dislocation Configurations

‘The diSIOcation COﬁfiguration isidetermiﬁed:by.the "state" of
the matrix as.well as by.the generai miéréstructdrev(partiéles; etec.).
Thus the lower the'stacging fault energy SFE or the higher the degree of
order, the less easy it is for diélocations'to cross slip and so
they tend to be confiﬁedvto slip planes. An important consequence
of this ;gstribtion on cross-slip is thatYSusceptibility tb tfansgranulér
stress corrosion increases§’l§ well known system is that of austenitic
stéinless_steels. The stress cor;osion susceptibility is known to
decrease with increasing nickel and nickel decreases the SFE.]fT‘l8

It is thought that one of the factors related to the stress corrosion
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suscepﬁibili;y is that 1ﬁteﬁsé éliﬁ’ﬁaﬁds lead to'large surface sﬁeps_
 whicﬁ Can}disrﬁptvsurface protective fil&é; if,cross slip is easy the
disiocations can slip out ofithe‘main slipibands_and.fofm small surface
steps which may nét-disfupt the surface film. .Thué slip stfuctures that
are associated'wﬁih complei dislbtétion tangles are preferable fo
'those'fhat are associafgd with pianar‘gtoups. "As shown in figs. 6;7
of ﬁy firstilecture, ;hé;changes‘in_sliﬁiﬁﬁfucturerand stacking fault
energy correlate very wéil ﬁiﬁﬁﬂﬁhe knoﬁﬁitranggranﬁlar corrosion - oo

susceﬁtibility of o~brasses. ﬁigh voltage electron microscopy'is a useful
:,_tool'ﬁar investigatingjﬁheée-pheh@mtna.ig

Two other examples are given now to indicate where electron
microscopy methods havevpfovided important new information which would

be difficult or impossible to obtain indirectly.

Interstitial Impurities in Refractory Metals.

It has been known for a 1long time that as the interstitial solute

conteﬁt increases iﬁ tpe refractory metals, the system becomes embrittled o
part@culaflygat lowbtemperatures,.and so the ductile-brittle transition i
temperatﬁre isiraised,és the solute content is increased.  This is
illustrated for pure tantalum and varioﬁs'Ta-C alidyé in fié. 12.

In this'systeﬁ and in dther metals of groups V where the solubiiity
of‘ihterstiﬁials'is greater'thap‘l@at.% the phenomenon of,intérsﬁitial
6fdering has been discoveréd?ghdvreceﬁt work by electroﬁ microscopy = . >
and diffraction on Ta-C indicates that the embrittlement is associated
with the.formation of compounds éuéh as TaéhC. This compound developes

by an ordering ﬁfocess similar td ﬁhat of short. range order in substitional
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alloys involvingvmicrodoméins on {110} planes as shown in'fig. 13.

Diffusion induced Défects.

A detéiled investigation of the defects produced in silicon as
& result of doping treatments with phosphorus end boron showed that
due to the change in lattice parameter accompanying diffusion of

the‘éolﬁte, a solute contraction stress is set up which results in

the formation of dislocation networks (see fig._lh)%l In the case

" of & npn transistor formed by double diffusion of P and B, precipitates

have been found near the emitter surface (in the n-type layer). These

precipitatés form as plates on {111}, and it apbears that these are

produced concomittantly»with the dislocations in such a ﬁay as to

minimize the solute contraction stress, i.é;,'théy are produced during

the diffusion and not after subsequent cooling down. This result

is deéﬁced from the micrbgraphs.df Fig. 15, 3115(a) only. one set of
, .

precipitates has formed on (11I) and only one set of dislocations is

seen, these lying normal to the precipitates along [11I]. The Burgers

~ vector of these dislocations is a/2 [110] and they are pure edge.

Contrast experiments on the precipitates showed that’they are extrinsic
in sense and with displacements in <111> normél io the habit plaﬁe.
fhus, in.[ll2] éne set.of edge dislocaitons and a set of>prééipitates
normal to the dislocations caﬁ'minimize the soiute chffaction stress.
Thus pfecipitates always form‘in'{lll} planes most nearly normal to the
diffusién front. 1In this‘fespéct precipitates ﬁnd di#locations are
equivalent and equivalent patterns of dislocationsvand'precipitates are
formed for other crystal orientations; e.g. fig. 15b. The extrinsic

character of the precipitates has been confirmed from diffractionc
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v pattérns)-e.g.’Fig. 16. 'The'précipitate pattefns'index as base qéntered
orthoihombic,(é;g. Fig; lc) with a = 3§8K, b = 6;62, c - 6.75A. The
exis is paIAilél to fhé [lli] Si,.hénce one unit cell of the precipitate
in the matrix can be régarded as an ektrinsic Frank defect of displacemént
vector slightly larger (~7%) than 1/3[111]. Thus the "étrength" of the
precipitate is less than that of a dislocation (b = &/2<110>) and so for
equivalent stréss relief,.the precipitate spacinglié-less than that of
the dislocation spacing _(fig. 15a). .

Thevimportancé of structure-property relations with regard to
electrical/magnetic behavior‘of solids is only Just being exploited.
Meanwhile continued and rigorous progress is being made in the under-
sténding‘of the mechanical behavior of materials ih terms of micro-
structure aﬁd atomistic processes.
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~ FIGURE CAPTIONS

1. Dislocation cellrétructure typicél of tensile deformed

metals. Nickel deformed 20% elongation at 295°K. dourtesy Acta Met.

2. Dislocation structure in~explosively'déformed.nickel. The
shock pressure left to right was TOkb, 130kb, 250kb. Shock

direction given_by'arroﬁ e. _ Courtesy Acta Met.

'3. Dislocated martensite in low alloy manganese bearing steel.

Courtesy D. Huang
4. Dislocations and iron carbide particles in lower bainite
of low alloy stéel; ' ' , . Courtesy D. Huang
5. Showing the deéeﬁde#cé ofvtoughness on’micfostructure for
steels of.similar yield stréngths; tﬁinnéd steels have poorer
toughness Fe/Ni/Co/C alloys.. ref, 1k, éourtesy Trénsactions ASM.-
6. Idealized streéé straiﬁ curves indicating behavior of yield'

strength and work hardéning_rates on microstructure. #3 pure metal.

T. Grain boundafy,morphologies'in,age—hardening alloys a) Al-Mg-2n

b) spinodal Cu/Ni/Fe. ]

8;-vapical agé hardening response of Al-Cu alloys.

9. Theoretical strength of metals determined by undeformable

' barrier strengthening only.

10. Schemstic showing techniques for a) the trip process,

D) ausforming_process. Notice in (c) the greater ductility of

ztrip_alloys at equivalent strength levels.

11. Microstructures of the same steel a) as quenched, lath

- . martensite, b) deformed austenite, c¢) trip martensite. Notice the

marked refining of martensite after trip processing. (after M. Raghavan)
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12, Tensile elongation vs. temperature for Ta and Ta-C alloys.

Courtesy P. Rao.

13. The ordered domain structure corresponding to the formation

of the interstitially ordered phase Tay)C in Ta-1.5%C. Courtesy P. Rao.

1Lk, Diffusion induced dislocations in 110 slice of silicon.

This is a stereo pair (align dots for viewing by stereopticon)

ref. 21. Courtesy J. Appl. Phys.

15. a) Diffusion induced precipitates and dislocations near

emitter surface of [112] silicon. b) As a), [111] orientation.

ref. 21. Courtesy J. Appl. Phys.

16. Diffraction pattern from edge-on precipitates shown in

15(a).

In a) orientation is [112], in b, c¢ it is [011].
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XBB698-5583-A

Fig. 3.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission: '

A. Makes any warranty or representation, expresged or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-

 fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report. ’

As used in the above, "person acting on behalf of the Commission’
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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