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Energy of a Dislocation
 • The Line Tension “T”– Broken and stretched bonds around the dislocation ⇒There is EXTRA energy associated with the Defect
 ⎟⎠⎞
 ⎜⎝⎛
 ⎟⎠⎞
 ⎜⎝⎛=
 mJb
 2GT
 2rG = “Shear Modulus”
 – Total Extra Energy in the Crystal Due to the Dislocation d long:
 (J) db2GTd Energy
 2r⎟⎠⎞
 ⎜⎝⎛==
 – Dislocations like to be straight (minimize d)– Dislocations like to have SMALL |b| (minimize |b|2)
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Geometry and Nomenclature of Dislocation Glide:Glide Planes
 • Glide Plane– Definition: a plane on which a specific dislocation can glide– Physically: the glide plane must contain b and t– Mathematically: n = b x t(note b = Burgers vector and t = dislocation line tangent vector)
 Screw Dislocationb || t ⇒
 MANY Glide Planes!
 Edge Dislocationb ⊥ t ⇒
 Only ONE Glide Plane!
 BUT...
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Concept of Cross Slip
 Cross Slip
 Screw-componentdislocations can lieon many slip plans(b // t)
 Example on the rightshows an expandingdislocation loop andcross slip
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Slip Systems
 (Red arrow ← indicates most common slip systems)
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Dislocation Geometry in Deformation
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Even More on Shear Stress
 • Crystals slip due to a resolved shear stress, τR. • Applied tension can produce such a stress.
 τR= σcos λcos φ
 Relation between σ and τR
 τR=Fs/As
 Fcosλ A/cosφ
 φns
 AAs
 Applied tensile stress: σ = F/A
 FA
 Fslip
 directio
 n
 Resolved shear stress: τR=Fs/As
 As
 τR
 τR
 Fs
 slip
 directio
 n
 slip plane
 normal, ns
 λF
 Fsslip
 directio
 n
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Critical Resolved Shear Stress
 • Condition for dislocation motion: τR > τCRSS
 • Crystal orientation can makeit easy or hard to move disl.
 10-4G to 10-2G
 typically
 τR= σcos λcos φ
 τR = 0
 φ=90°
 σ
 τR = σ/2λ=45°φ=45°
 σ
 τR = 0
 λ=90°
 σ
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Dislocation Motion in Polycrystals
 • Slip planes & directions(λ, φ) change from onecrystal to another.
 • τR will vary from onecrystal to another.
 • The crystal with thelargest τR yields first.
 • Other (less favorablyoriented) crystalsyield later.
 σ
 Adapted from Fig. 7.10, Callister 6e.(Fig. 7.10 is courtesy of C. Brady, National Bureau of Standards [now the National Institute of Standards and Technology, Gaithersburg, MD].)
 300 µm
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4 Strategies for Strengthening:1: Reduce Grain Size
 • Grain boundaries arebarriers to slip.
 • Barrier "strength"increases withmisorientation.
 • Smaller grain size:more barriers to slip.
 • Hall-Petch Equation:
 grain boundary
 slip plane
 grain Agra
 in B
 σyield = σo + kyd−1/2
 Adapted from Fig. 7.12, Callister 6e.(Fig. 7.12 is from A Textbook of Materials Technology, by Van Vlack, Pearson Education, Inc., Upper Saddle River, NJ.)
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Grain Size Strengthening: An Example
 • 70wt%Cu-30wt%Zn brass alloy
 0.75mm
 σyield = σo + kyd−1/2
 • Data:
 Adapted from Fig. 7.13, Callister 6e.(Fig. 7.13 is adapted from H. Suzuki, "The Relation Between the Structure and Mechanical Properties of Metals", Vol. II, National Physical Laboratory Symposium No. 15, 1963, p. 524.)
 [grain size (mm)]-0.5
 σ yie
 ld(M
 Pa
 )
 50
 100
 150
 200
 04 8 12 16
 10-1 10-2 5x10-3grain size, d (mm)
 1
 ky
 0
 Adapted from Fig. 4.11(c), Callister 6e. (Fig. 4.11(c) is courtesy of J.E. Burke, General Electric Co.
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Anisotropy in σyield
 • Can be induced by rolling a polycrystalline metal -before rolling -after rolling
 235 µm
 -isotropicsince grains areapprox. spherical& randomlyoriented.
 -anisotropicsince rolling affects grainorientation and shape.
 rolling direction
 Adapted from Fig. 7.11, Callister 6e. (Fig. 7.11 is from W.G. Moffatt, G.W. Pearsall, and J. Wulff, The Structure and Properties of Materials, Vol. I, Structure, p. 140, John Wiley and Sons, New York, 1964.)
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Strengthening Strategy 2: Solid Solutions
 • Impurity atoms distort the lattice & generate stress.• Stress can produce a barrier to dislocation motion.
 • Smaller substitutionalimpurity
 Impurity generates local shear at A and B that opposes disl motion to the right.
 • Larger substitutionalimpurity
 Impurity generates local shear at C and D that opposes disl motion to the right.
 A
 B
 C
 D
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Strengthening Strategy 2: Solid Solutions
 Tensile strains associated witha small substitutional impurity
 Interaction between an edgedislocation and impurity atoms

Page 14
                        

Strengthening Strategy 2: Solid Solutions
 Compressive strains associated witha larger substitutional impurity
 Interaction between an edgedislocation and impurity atoms
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Ex: Solid SolutionStrengthening in Copper
 • Tensile strength & yield strength increase w/wt% Ni.
 Adapted from Fig. 7.14 (a) and (b), Callister 6e.
 Yie
 ld s
 tre
 ng
 th (
 MP
 a)
 wt. %Ni, (Concentration C)
 60
 120
 180
 0 10 20 30 40 50
 Te
 nsi
 le s
 tre
 ng
 th (
 MP
 a)
 wt. %Ni, (Concentration C)
 200
 300
 400
 0 10 20 30 40 50
 • Empirical relation:
 • Alloying increases σy and TS. σy ~ C1/2
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Strengthening Strategy 3: Precipitation Strengthening
 • Hard precipitates are difficult to shear.Ex: Ceramics in metals (SiC in Iron or Aluminum).
 Large shear stress needed to move dislocation toward precipitate and shear it.
 Side View
 Top View
 Slipped part of slip plane
 Unslipped part of slip plane
 S
 Dislocation “advances” but precipitates act as “pinning” sites with spacing S.
 precipitate
 • Result: σy ~
 1S
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Precipitate/Dispersion Hardening
 • Idea– Put Particulate Obstacles into the
 Grains
 • Basic Methods– Precipitate (Precipitate Them Out of
 Solution)– Dispersion (Mix Them In)
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Precipitation:Example Al-4%Cu Alloy
 Properly Engineered Processing
 Improperly Engineered Processing
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Application:Precipitation Strengthening
 • Internal wing structure on Boeing 767
 • Aluminum is strengthened with precipitates formedby alloying.
 Adapted from Fig. 11.24, Callister 6e.(Fig. 11.24 is courtesy of G.H. Narayanan and A.G. Miller, Boeing Commercial Airplane Company.)
 Adapted from Fig. 11.0, Callister 5e.(Fig. 11.0 is courtesy of G.H. Narayanan and A.G. Miller, Boeing Commercial Airplane Company.)
 1.5µm
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Strengthening Strategy 4:Cold Work (%CW)
 • Room temperature deformation.• Common forming operations change the cross
 sectional area:
 %CW =
 Ao −AdAo
 x100
 Ao Ad
 force
 dieblank
 force
 -Forging -Rolling
 -Extrusion-Drawing
 Adapted from Fig. 11.7, Callister 6e.
 tensile force
 AoAddie
 dieram billet
 container
 containerforce
 die holder
 die
 Ao
 Adextrusion
 roll
 AoAd
 roll
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Dislocations Become Dense and Tangled!
 Dislocation Tangles Produced by Plastic Deformation in Fe
 Work Hardened = Strain Hardened = Cold Worked
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Dislocations During Cold Work
 • Ti alloy after cold working:
 • Dislocations entanglewith one anotherduring cold work.
 • Dislocation motionbecomes more difficult.
 0.9 µm
 Adapted from Fig. 4.6, Callister 6e.(Fig. 4.6 is courtesy of M.R. Plichta, Michigan Technological University.)
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Effects of Cold Work
 CW↑: YS ↑ CW↑: TS ↑ CW↑: Ductility↓
 Trade-off in strengthening:Typically as strength increases, ductility decreases!
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Effects of Cold Work
 Stress-strain curvesfor a material with progressively increasingcold work
 What happens to theenergy to failure (toughness)with increasing cold work?
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Result of Cold Work
 • Dislocation density (ρd) goes up:Carefully prepared sample: ρd ~ 103 mm/mm3
 Heavily deformed sample: ρd ~ 1010 mm/mm3
 • Ways of measuring dislocation density:
 ORlength, l1
 length, l2length, l3
 Volume, V
 = l1+ l2 + l3V
 ρd d= N
 A
 Area, A
 N dislocation pits (revealed by etching)
 dislocation pit
 ρ
 • Yield stress increasesas ρd increases:
 large hardening
 small hardening
 σ
 ε
 σy0 σy1
 Micrograph adapted from Fig. 7.0, Callister 6e. (Fig. 7.0 is courtesy of W.G. Johnson, General Electric Co.)
 40µm

Page 26
                        

Dislocation-Dislocation Interactions
 Schematic of strain fields foran edge dislocation
 Dislocation repulsion(same sense of dislocations)
 Dislocation attraction(opposite sense dislocations)
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Dislocation-Dislocation Trapping
 • Dislocation generate stress.• This traps other dislocations.
 Red dislocation generates shear at pts A and B that opposes motion of green disl. from left to right.
 A
 B
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Cold Work Analysis
 • What is the tensile strength &ductility after cold working? Cold
 work ----->
 Do=15.2mm Dd=12.2mm
 Copper
 %CW =
 πro2 − πrd
 2
 πro2
 x100 = 35.6%
 ductility (%EL)
 7%
 %EL=7%% Cold Work
 20
 40
 60
 20 40 6000
 Cu
 % Cold Workσy=300MPa
 100
 300
 500
 700
 Cu
 200 40 60
 yield strength (MPa)
 300MPa
 % Cold Work
 tensile strength (MPa)
 340MPa
 TS=340MPa
 200
 Cu
 0
 400
 600
 800
 20 40 60
 Adapted from Fig. 7.17, Callister 6e. (Fig. 7.17 is adapted from Metals Handbook: Properties and Selection: Iron and Steels, Vol. 1, 9th ed., B. Bardes (Ed.), American Society for Metals, 1978, p. 226; and Metals Handbook: Properties and Selection: Nonferrous Alloys and Pure Metals, Vol. 2, 9th ed., H. Baker (Managing Ed.), American Society for Metals, 1979, p. 276 and 327.)
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σ-ε Behavior vs Temperature
 • Results forpolycrystalline iron:
 • σy and TS decrease with increasing test temperature.• %EL increases with increasing test temperature.• Why? Vacancies
 help dislocationspast obstacles.
 1. disl. trapped by obstacle
 2. vacancies replace atoms on the disl. half plane
 3. disl. glides past obstacle
 obstacle
 Adapted from Fig. 6.14, Callister 6e. 00 0.1 0.2 0.3 0.4 0.5
 200
 400
 600
 800
 Str
 ess
 (M
 Pa
 )
 Strain
 -200°C
 -100°C
 25°C
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Effect of Heating After %CW
 • 1 hour treatment at Tanneal...decreases TS and increases %EL.
 • Effects of cold work are reversed!
 ten
 sile
 str
 en
 gth
 (M
 Pa
 )
 du
 cti
 lity
 (%E
 L)
 Annealing Temperature (°C)
 300
 400
 500
 600 60
 50
 40
 30
 20Recovery
 Recrystallization
 Grain Growth
 ductility
 tensile strength300 700500100
 • 3 Annealingstages todiscuss...
 Adapted from Fig. 7.20, Callister 6e. (Fig.7.20 is adapted from G. Sachs and K.R. van Horn, Practical Metallurgy, Applied Metallurgy, and the Industrial Processing of Ferrous and Nonferrous Metals and Alloys, American Society for Metals, 1940, p. 139.)
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Recovery
 Annihilation reduces dislocation density.
 • Scenario 1
 • Scenario 2
 atoms diffuse to regions of tension
 extra half-plane of atoms
 extra half-plane of atoms
 Disl. annhilate and form a perfect atomic plane.
 1. dislocation blocked; can’t move to the right
 obstacle dislocation
 2. grey atoms leave by vacancy diffusion allowing disl. to “climb”
 4. opposite dislocations meet and annihilate
 3. “Climbed” disl. can now move on new slip plane
 τR
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Recrystallization
 • New crystals are formed that:--have a small disl. density--are small--consume cold-worked crystals.
 33% coldworkedbrass
 New crystalsnucleate after3 sec. at 580C.
 Adapted from Fig. 7.19 (a),(b), Callister 6e.(Fig. 7.19 (a),(b) are courtesy of J.E. Burke, General Electric Company.)
 0.6 mm 0.6 mm

Page 33
                        

Further Recrystallization
 • All cold-worked crystals are consumed.
 After 4seconds
 After 8seconds
 Adapted from Fig. 7.19 (c),(d), Callister 6e.(Fig. 7.19 (c),(d) are courtesy of J.E. Burke, General Electric Company.)
 0.6 mm0.6 mm
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Recrystallization Temperature
 Larger deformation → Higher stored elastic energyLarger deformation → Higher dislocation densityLarger deformation → Lower recrystallization temperature
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Grain Growth
 • At longer times, larger grains consume smaller ones. • Why? Grain boundary area (and therefore energy)
 is reduced.
 • Empirical Relation:
 After 8 s,580C
 After 15 min,580C
 dn − do
 n = Ktelapsed time
 coefficient dependenton material and T.
 grain diam.at time t.
 exponent typ. ~ 2
 0.6 mm 0.6 mmAdapted from Fig. 7.19 (d),(e), Callister 6e.(Fig. 7.19 (d),(e) are courtesy of J.E. Burke, General Electric Company.)
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Grain Growth Data for Brass (Cu-Zn)
 Notes:D ~ tn, n < 1Temperature always wins out over time!!!(Thermally activated processes are almost always Arrhenius)(Kinetic processes often show t0.5 behavior)
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Atomic Scale Processes in Grain Growth
 Grain Growth
 Local processes involve short range atomic migrationacross the boundary
 Large grains consumesmall grains
 Driving force for grain growthReduction in grain boundary area
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Summary of Annealing of Metals
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Summary
 • Dislocations are observed primarily in metalsand alloys.
 • Here, strength is increased by making dislocationmotion difficult.
 • Particular ways to increase strength are to:--decrease grain size--solid solution strengthening--precipitate strengthening--cold work
 • Heating (annealing) can reduce dislocation densityand increase grain size.
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