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Introduction

o filitte the development of dvned mE terilsD omputtionl mterils siene n e used to provide guidelines for design nd to give physil mehnisti insight into the origins of experimentllyEderived trendsF roweverD roust nd preditive models re ritilF reditions of the mrosopi mehnil propertiesD suh s ow stressD work hrdeningD nd ftigue ehviorD in metls or other mterils undergoing dislotionE medited plsti owD hold prtiulr hllengesF £ gorresponding uthor Email address: william.curtin@epfl.ch @F eF gurtinA 1 gFF nd qFFwFvF eqully ontriuted to this rtileF uh ehvior is ontrolled y phenomen t mulE tiple slesD from tomisti through mesosle nd mirostruturl slesD nd is ssoited with the olletive intertions mong defets @solutesD disE lotionsD grin oundriesD preipittesAF ith rpidly inresing omputtionl power nd new methods t ll of these vrious slesD omputE tionl metllurgy is entering new hpter where preditive pility is hievle nd hving n impt on the design of new mterilsF rereD we present reent progress in the modeling of one rod lss of mterilsD rndom solid soluE tionsF uh mterils re some of the most tehE nologilly importnt ndGor promising mterilsX luminum lloysD suh s the IxxxD QxxxD Sxxx nd solutionized Txxx series I used in utomotive pE plitionsD usteniti stinless steels PD mny iE nry lloys suh s xiEpe nd guExi QD RD nd the emerging high entropy lloys @riesA SD TD UF wny preipittionEstrengthened lloys lso retin some solid solution strengthening tht is not negE ligileF snterstitil solutesD suh s hydrogenD rE onD nd nitrogenD lso onfer strengthening tht my e eneil or detrimentlD nd their high moility n ontriute to dynmi strengthening phenomenF sn the next setionD we riey disuss the min historil onepts tht developed over mny dedesF sn susequent setionsD we present the urE rent model frmework in generlF e then show how the urrent model enompsses some historil modelsD in terms of generl sling of strengthenE ing versus mteril prmetersD so tht the urrent model n e seen s holisti version of the historE il models ut with preise nd omputle mteE ril prmetersF e lso note onnetions to other reent models when pertinentF e then present pE plitions of the model to sequene of sesD eh of whih revels some new fetures in the solute strengthening tht rise nturlly from the model due to the dierent dislotion strutures in eh seF 2. Background olute strengthening rises from the intertion of dislotion with the solutes in the lttieF hese intertions fll into two si tegoriesX those where the solute hnges or reongures the dislotion ore struture nd those where the soE lute leves the topology of the ore struture lrgely inttF hen solute hnges the ore strutureD the strengthening eets depend on the spei deE tils of the intertion nd how the ore struture is hnged VD WD IHD IIF e do not envision ny generl theory for this importnt lss of prolemsY presumly the hnges in struture nd ssoited energies re very spei to the soluteD the mE trixD nd the dislotion hrterF hen solute distorts the ore ut does not hnge it topologiE llyD ndGor when solutes outside the ore intert through nominlly elsti intertionsD then genE erl theory n e developedD nd tht is the fous of the work presented hereF hen solutes do not hnge the ore strutureD the fundmentl quntity is the intertion energy U@x i ; y j ; z k A etween stright dislotion t the origin with line diretion z nd glide diretion xD nd solute t position @x i ; y j ; z k AF et the simE plest levelD this intertion energy n e modE eled s the mehnil intertion energy etween the stright dislotion pressure eld p@x i ; y j A nd the mist volume ¡V of the solute with respet to the mtrix mterilF his intertion energy U el @x i ; y j A a p@x i ; y j A¡V D lso referred to s the rst order size4 intertion IPD is equl to the work done on the dislotion pressure eld y the expnsion or ontrtion of the mteril upon ddiE tion of the mistting solute tomF his mehnil intertion energy n e generlized to inlude the intertion energy etween devitori mist strins nd the devitori dislotion stress eld @the rst order shpe4 intertionAD whih is typilly imE portnt for interstitil solutes IQD IRD ISF por simE pliity hereD we fous on mist volumetri strins tht re pproprite for sustitutionl solutes in ui mtries ITD IUF he elsti intertions re longErngedD sine the dislotion stress eld deys only s I=r with distne r from the enter of the dislotionD nd give quntittive desription of the soluteGdislotion intertion wy from immeE dite dislotion ore region IQD IRD ISD ITD IUD IVF hen the solute is loted within the ore reE gion of the dislotionD i.e. long the glide plne nd within the highlyEdistorted region of the oreD dditionl eets etween the solute nd the disloE tion n ourF rt of the hemil shortErnge intertion n e estimted using dditionl elsE tiity modelsF ine the ddition of solutes hnges the elsti moduli of the mterilD solute tom n e envisioned to possess elsti onstnts tht dier from the host mtrixD giving rise to n elsE ti inhomogeneity4 intertion energy IPD IWD PHF his intertion deys s I=r P so is shortErnged ndD within liner elstiityD n e simply dded to the rstEorder size intertionF e seond orE der size4 intertion rises when nonEliner eets @eFgF thirdEorder elsti onstntsA re onsideredD nd lso ontriutes t short rnge IPF roweverD oth onepts re of limited prtil utility eE use it is diult to dene the elsti onstnts4 of solute nd to del with nonEliner elstiityF enother hemil4 oreEspei intertion is ssoE ited with soluteGstkingEfult intertions PID rising for dislotions hving dissoited ore onsisting of two prtils seprted y stking fult rionD s ours in f nd mny slip systems of hp mterilsF his intertion will e disussed in setion RFQF ith the dvent of highEperformne omputE P ingD nd eient tehniques to del with the longE rnge elsti elds of dislotions PPD PQD PRD it is now possile to ompute dislotion ore strutures using rstEpriniples methodsD most ommonly usE ing hensity puntionl heory @hpAF his topi is overed in depth in the prtner yverview ertiE le Ab initio modeling of dislotion ore propE erties4 PSF sing the sme methodsD the soE luteGdislotion intertion energies U@x i ; y j A for ny solute t tomi positions fx i ; y j g in nd round dislotion ore in ny mtrix n e omE puted diretlyF hile omputtionlly demndingD it provides the fundmentl informtion @the interE tion energyA inluding ll hemistry4 nd shortE rnge eets t the highest level of delity ville t the present timeF hue to their vlueD suh omE puttions hve een undertken for numer of solutes in numer of mtrix mterilsD primrily for edge dislotions nd minly t tomi sites just on either side of the glide plne nd within the prE til dislotions of dissoited oresD where hemE istry4 eets re expeted to e most importnt nd where elstiity is most likely to filF por solutes wy from the ore regionD eFgF the elsti interE tion energy U el @x i ; y j A a p@x i ; y j A¡V is usedD with ¡V omputed y rstEpriniples nd with the dislotion pressure eld p@x i ; y j A omputed using the rstEpriniplesEomputed ore strutureF he pressure eld n e omputed using lol elsti strins nd elsti moduli or y using the omputed distriution of furgers vetor long the glide plne within eierlsExrroEtype model IVD PTF husD oth nerEore nd frEeld intertion energies re omputed on the sme underlying dislotion struE ture nd soluteGmtrix hemistryF pigure I shows the resulting intertion energies U@x i ; y j A for sevE erl ses tht will e studied hereF e note in prtiulr tht the intertion energiesD lulted diretly y hp in some regions nd vi elstiity in othersD re quite ontinuousD inditing the uE ry of the elstiity model rther lose to the oreD ut still in region where the lol tomi environE ment is tht of the distorted rystl lttieF his ontinuity lso shows tht the nerEore energies re not signintly lrger thn those t slightly further distnesD immeditely suggesting tht oth nerEore nd frEeld intertions might ontriute omprly to the net strengtheningF he ove disussion fouses on soE luteGdislotion intertion energiesF e numer of historil models hve een developed sed on the fores exerted y solutes on dislotionsF he fore of solute on stright dislotion n e omputed s ongurtionl fore derived from the intertion energyF peillyD the fore exerted y the solute in the glide diretion x n e omputedD in ontinous formultionD s F @x; yA a dU@x; yA=dxD i.e. it is the hnge in intertion energy s the reltive position of the solute nd the dislotion hngesF foth energeti nd foreEsed onepts pture the sme si physis ndD while the theoretil pths pper rther dierentD the nl outomes should e the sme side from pproximtions mde long eh pthF e will fous elow on n energyEsed pprohF hether the longErnge or shortErnge interE tions ontrol the strength hs given riseD historE illyD to two rod ompeting theories for soE lute strengtheningF he strongEpinning theory @priedel PUD pleisher PVD PWA onsiders only soE lute toms in the glide plne@sA of the dislotion nd trets them s independent point ostles tht pin the dislotionF he solutes re hrterized y F mx D the mximum resistive fore exerted y the solute on the dislotionF nder stressD the dislotion ows out in the regions etween the solutesD exerting fores tht ountert resisting fores of the solutesF he zeroEtemperture yield stress for this priedel mehnismD F yH D is the stress t whih the urved dislotion exerts fore on the dislotion segment t the solute tht is suE ient to overome the resistive fore of the soluteF he priedel strength for rndom distriution of solutes t onentrtion c is given y F yH a F mx P Q P P b P c I P : @IA where is the dislotion line tension tht reltes the dislotion ow out to the fore exerted on the ostleD nd b is the mgnitude of the furgers veE torF ixmining pigF ID it is ler tht solute fores re generted t mny positions in nd round the dislotion oreD even if ttention is onned to only the plnes ove nd elow the glide plneF he si priedel model neglets ll suh ompliE tionsF eognizing tht mny solutes n siE multneously exert fores on the dislotionD the wekEpinning model @wottExrro QHD wott QID vush QPD QQA onsiders the olletive interE tion of the rndom solutes with the dislotionF trengthening is then ttriuted to the ourrene Q [ 110] ( Å)
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pigure IX oluteGdislotion intertion energy U @x i ; y j A versus solute position @x i ; y j ; z k A for vrious mterils nd solutesY @A wn solutes round el edge dislotionD @A n solutes round wg sl edge dislotion nd @A el solutes round wg twin edge dislotion on twin oundryF ites indited y old symols re omputed using hp nd ll other sites re omputed using the elsti ontriution to the intertion energyF he ore struture is optimized in hp lultions using the vttie qreen9s puntion method PPF of fvorle sttistil ututions in the overll solute ongurtion tht lolly ind the disloE tion muh more strongly thn ny individul soE luteF vush rst onsidered only solutes in the glide plneD lthough the onept is relly threeE dimensionl in ntureF re then derived zeroE temperture ow stress L yH tht uses mny of the sme prmeters s the priedel modelD plus prmeter w tht represents the sptil rnge of intertion of the solutes with the dislotion @nd disussed further elowAF he resulting zeroE temperture vush strength is
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whih shows dierent sling with solute onenE trtion c s ompred to priedel9s modelF et ny given solute onentrtionD the operE tive mehnism hs historilly een ssumed to e the mehnism tht gives the strongest zeroE temperture yield stressF king the rtio of iqsF @IA nd @PA yields I=T $ IH P D whih hs led to the assumption tht the strong pinning model is pplile t moderte to low solute onentrtions QPD QRF olute strengthening isD of ourseD tempertureE nd strinErteEdependentD i.e. the underlying proE ess is thermllyEtivted P F he stndrd vush nd priedel theories re zeroEtemperture theoriesF ixtending the theories to nite temperturesD i.e. exmining the energy rriers to dislotion moE tionD revels signint dierene etween the two theoriesF he energy sle of the priedel model is the mximum intertion energy U mx of single solute with the stright dislotionD independent of solute onentrtion IVF es seen in pigF ID this enE ergy is typilly on the order of $ IHH PHH meF epplied stresses redue the rrier towrd zero s the stresses pproh the zeroEtemperture yield stressF hereforeD the energy rrier for thermllyE tivted espe of the dislotion ross single pinning solute is very lowD nd the espe rte very fstD t moderte tempertures @with kT $ PS me t room tempertureAF gorrespondinglyD the niteEtemperture yield stress dereses rpidly with tempertureD nd simple models show tht the priedel mehnism hs hrteristi temperture T F $ IHH{PHH u t whih the strength is essenE tilly zeroF sn ontrstD the energy sle of the vush model is relted to the olletive solute ututions nd sles s $ c I=Q D nd n e muh greter thn U mx even t modertely low onenE trtions @c > IH R AF he yield stress of the vush model thus dereses muh more slowly with inE resing temperture s ompred to the priedel model @nd lso never goes to zeroY see disussion elowAF et nite tempertureD the onentrtion t whih there is trnsition from the priedel to the vush modelD c trns D is then muh smller thn the zeroEtemperture estimte c trns H F hetiled estiE mtes showD for exmpleD tht c trns < IH R when T > UV u for the elE @a wgD iD guD grD wn nd peA nd the wgEel @slA systems QTF es resultD the priedel model rrely pplies for moderte soE luteGdislotion inding energiesF por solutes tht hnge the ore strutureD nd with muh lrger sE soited intertion energies @eFgF U mx a I e VAD the priedel model my eome pertinent PUD QP eE 2 e do not onsider here the dynmi overshoot nd posE sile quntum eets tht n our t very low temperE tures T < SHK PHD QSF use the oreEhnging solutes dominte over ll other solute intertions in the frEeld nd the E tivtion energy rrier is signintF foth strongEpinning nd wekEpinning models struggle to del quntittively with oth the longE rnge intertions nd the shortErnge intertionsF he priedelEtype models entirely neglet the longE rnge intertionsD so tht even solutes just two tomi plnes ove or elow the glide plne re not onsidered to exert fores on the dislotion even though their mximum pinning fore n e ppreile QUF sf suh solutes were inludedD the priedel theory would need to inlude dierent vlE ues for F mx for eh tomi plne ndD moreoverD the sping4 etween solutes would eome very smll so tht the dislotion ow out would e oE urring over tomi distnes where the line tension model surely filsF he erly vush modelD nd reent derivtions of the wekEpinning model PHD lso onsidered solutes only ner the glide plneF sn this limitD the intertion energy flls o rpidly @I=d P A with distne d long the glide plneD so tht the onept of nite rnge w is eptleF rowE everD when extended to Qh @i.e. not just solutes on the glide plnesAD the vush model must lso ignore longErnge intertions eyond ertin disE tneF ine the soluteGdislotion intertions deE y only s I=rD ututions in the net positive nd negtive intertions sle s I=r P D nd the inteE grl of those ututions over ylinder of rdius R round the dislotion line diverges s ln@RAF o void this prolemD the vush model hs trdiE tionlly dopted the Pd onept y invoking utE o in the intertion energies t n ritrry disE tne wF nfortuntelyD ll preditions depend on the undenle wD while ttempts to mesure4 w from the soluteGdislotion intertion fores in tomisti simultions QV nnot e quntittive euse of the fundmentl I=r sling of the inE tertion energyF ith respet to shortErnge inE tertionsD reserhers hd little detil out the true dislotion ore struturesF oD singulr olterr eld ssoited with shrp dislotion ore ws typilly usedD nd the shortErnge interE tions were simply ut o t some onvenient ut illEdened distneF ergon PHD for exmpleD igE nores solutes in the two plnes immeditely ove nd elow the glide plneD denoting this ded zone4D even though this is preisely where the inE tertion energies nd fores re the lrgest @see pigF IAD nd onsiders only the plnes just ove nd elow these plnesF sn generlD the theories S mke unontrolled pproximtions preisely where the solutes will hve the lrgest eetsF he shortErnge issue is resolvedD in prinipleD y the detiled omputtions of soluteGdislotion inE tertion energies s shownD for exmpleD in pigF IF row this moreEdetiled informtion n e emedE ded into the historil models hs not een dE dressedF por purposes of guiding lloy designD i.e. seletion of solutesD rinkle et alF QW devised two quntittive mesures for the soluteGdislotion inE tertion energyD mist volume prmeter nd soluteGstking fult intertion prmeterD nd used these prmeters in pleisherGpriedelEtype model to predit trends in solute strengthening t H uF untittively preditive models hve reE mined elusiveD howeverF he longErnge issue ws only lerly ddressed y the new theory presented in the following setionsF en inkling of the resoluE tion of the divergene prolem t longErnge n e foundD howeverD in the study of the soElled gotE trell tmosphere formed y solutes diusing round xed dislotionF rirth et alF RH showed thtD lthough the energy of the soluteEloudGdislotion diverges @innite inding of the dislotionAD the stress to move the dislotion does not divergeF he stress does not diverge euse the @divergingA energy ontriutions of solutes fr from the disloE tion do not et the net ongurtionl fore dU@x; yA=dx upon inrementl motion of the disE lotionF e similr feture will emerge here in soE lute strengthening with no diusive motion of the solutesD i.e. dislotion moving through xed eld of rndomlyEdistriuted solutesD leding to onvergent theoryF ixperimentllyD there re mny exellent dt sets on the yield strength versus temperture ndGor strinErte in inry f lloysD minly with dilute @< I7A onentrtion of one type of soE lute PWD RID RPD RQD RRD RSD RTD RUD RVF hese exE periments lerly show ommonlity in the ow ehvior versus temperture nd versus onentrE tionF woreoverD experiments hve mesured the pE prent tivtion volume V $ @I=kT Ad@ln A=d ln "D whih revels the underlying length sle of disloE tion motion during whtever thermllyEtivted proess is ontrolling the ow ehvior RRD RWD SHF et the dislotion levelD the tivtion volE ume n e expressed s the derivtive of the stressEdependent energy rrier versus stressD V a d¡E@A=dD nd so diretly onnets to quntities rising in ny theoryF woreoverD fsinski postuE lted the stress equivleny4 prinipleX if two difE ferent lloys hve the sme yield stress t the sme temperture nd strinErte then they will hve the sme tivtion volumeD regrdless of the types of solutes or their onentrtions RRD SHF he stress equivleny4 priniple hs een demonstrted exE perimentlly mny timesF ith strong empiril dt seD the historiE l theories hve een pplied to predit qulittive nd quntittive trendsF xrro showed tht some fetures relted to stress equivleny emerge ntuE rlly from the vushEtype modelsD solidifying the rod ppliility of the vush modelD onsisE tent with our disussion oveF irlierD urthovil nd xerdov RQ showed tht the @extrpoltedA zeroEtemperture strength sles with solute onE entrtion s c P=Q D s predited y the vush modelF xonethelessD the simpliity of the priedel model E it ontins just few physillyEsed pE rmeters E hs led to ontinued pplitions of the model oneptsF sn prtiulrD when the priedel model sed on pinning y individul solute toms hs filed to quntittively explin experimentsD reE serhers hve postulted the existene of solute lusters4 s the opertive pinning points within priedelEtype model SID SPD SQF hese experE iments reD howeverD wellEinterpreted in terms of the vushEtype modelsF he vushEtype modE els @i.e. models tht onsider the olletive sttisE til ututions of the rndom solutes s usE ing the pinningA hve thusD in generlD provided frmework for qulittive interprettion of mny experimentsD in spite of ngging theoretil issuesF untittivelyD howeverD the models re not uE rteD whih is not surprising given the pproximE tionsD prtiulrly for the intertion energiesF erE gon shows tht the estimted F mx prmeter in the vush model is PEQ times lrger thn the vlue derived y tting theory to experimentl dtD so tht the model hs limited preditive pilityF ersions of the vush model hve ttempted to desrie experiments using very simplied formsD suh s y a K n c P=Q n ¡V R=Q n D with n referring to the elements in solid solution nd with K eing tting prmeter SRD SSD without ny regrd for the temperture nd strinErte dependene of the ow stressF pinllyD experimentl dt on some systems shows highEtemperture plteu4D i.e. the yield stress eomes less tempertureEdependent thn exE peted sed on the modelsF lteu4 stresses hve long history nd re usully ttriuted to T therml4 mehnismsD suh s longErnge disloE tionGdislotion intertions STF etherml4 mehnisms re those with lrge energy rriers ut lso lrge length slesD for whih the strength is not high ut the rrier renders tht strength tempertureEinsensitiveF sn soluteEstrengthened mterilsD the plteu4 isD howeverD dependent on solute onentrtion itselfF he mehnisti origins of suh plteus hve historilly een unknownF vush SUD SV suggested tht dditionl energy rriers enter t high temperturesD ut without sustntil quntitionF iser SW used sling rguments oming from the theory of ux pinning in superondutors nd provided lerer piture of how the plteu4 rises nd its onnetion to the lowEtemperture solute strengtheningF hisussion of the physil origin@sA of suh plteus4D sed on the progress resulting from the reent developE mentD is presented elowF sn this yverviewD we present new vushEtype solute strengthening model tht resolves mny of the oneptul nd opertionl diulties of the historil modelsF he derivtion of the vushE type model is quite dierent from previous derivE tionsD lthough with similrities to the nlysis of iser SWF he nlysis provides lenD physE ilD nd energyEsed piture of how disloE tion moves through rndom eld of solutesF he theory strts from the soluteGdislotion interE tion energies nd proeeds forwrd with few nonEritil ssumptionsF he resulting model is prmeterEfree nd generlly pplile ross mE terils nd rystl struturesD nd interfes @twinE ningAF o dteD the theory hs only een pplied to ses with very low intrinsi eierls stresses where the solute strengthening domintes the ow stressF he new theory reprodues ll the positive fetures of the vushEtype modelsD nd the nl funtionl forms for ow stresses nd energy rriers re onE sistent with historil modelsF roweverD the oefE ients emerge diretly from the soluteGdislotion intertion energiesD mking the model preditiveF fy exming limiting ses of the modelD we n lso mke spei ontt with the vrious historiE l models nd oneptsF 3. Theory of Solute Strengthening sn this setionD generl theory of solute strengthening in sustitutionl lloys with riE trry numer of omponents nd ritrry omE position is desriedF he presenttion onsiders f rystlsD ut most spets of the theory re more generlF fsi onepts nd physil mehE nisms responsile for the strengthening re rst introduedD nd then the full theory leding to the tempertureD strinErte nd ompositionl depenE dne of the strength is derivedF 3.1. Average matrix in a random alloy e onsider n NEomponent rndom solid soE lution lloyD with onentrtion c n of the n th eleE mentD stisfying the sum rule N naI c n a IF ixept in the se of dilute lloysD there is no spei reE son to identify one spei elementl omponent s the mtrixD i.e. s the referene stte for the rel mterilF sndeedD when the onentrtions of lloyE ing elements re nonEdiluteD there is not one mjor element nor n the rel solid solution e onsidE ered s smll perturtion of the mtrix of one of the elementsF therD n eetive mtrix t the overll lloy omposition n e envisionedD whih hs the rystl struture of the rel solid solution lloyF uh n verge lloy referene stte n e demonstrted expliitly for systems represented y imedded etom wethod @iewA intertomi poE tentils THD TID for instneD nd n verge lloy is the sis of eetive medium pprohes nd oE herent potentil pproximtions in eletroni struE ture theory TPD TQD TRF he eetive mtrix mE teril hs ll of the importnt average properties of the true rndom lloyX lttie onstnt aD elsE ti onstnts fC ij g inluding sher modulus nd oisson9s rtio D nd stleGunstle stking fult energies p nd p F ell of these quntities deE pend on the lloy ompositionD ut re wellEdened verge quntitiesF he gliding dislotions in n eetive f mtrix would e the typil fIIIg hIIHi dislotionsD with furgers vetor b a a=P hIIHiD dissoition into two hokley prtils seprted y n intrinsi stking fultD nd glide t very low eierls stresses PHD STD TSD TTF tndrd results for dilute systemsD where the verge mtrix pE prohes tht mtrix of the dominnt element of the lloyD emerge nturlly when the onentrtion of one lloy omponent pprohes I while the other onentrtions pproh zeroF ithin the verge mtrix mterilD eh elemenE tl lloy tom n e viewed s solute4 tom emedded into the verge mtrix4 of the surE rounding mteril TID TSF ih solute of type n hs some verge properties in the verge mE trixD suh s mist volume ¡V n F sn the true U rndom lloyD eh spei solute tom hs misE t volume tht depends on the preise surroundE ing distriution of other tomsD nd n e repreE sented s the verge vlue plus ututing termD ¡V n @x i ; y j ; z k A a ¡V n C V n @x i ; y j ; z k AF he verE ge mist volume n e determinedD for instneD y mesuring the hnge in tomi volume V verE sus lloy ompositionD nd tking the pproprite derivtives s
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hese verge mist volumes follow the sum rule n c n ¡V n a HD sine the referene stte is the stressEfree verge mteril t verge lttie onE stnt aF ih solute will lso intert with ny struturl defet in the eetive mtrix mterilF por stright dislotion in the verge mtrixD entered t the origin nd lying long the z direE tionD n individul solute tom of type n t position @x i ; y j ; z k A hs n intertion energy with the disE lotion of U n @x i ; y j ; z k A a U n @x i ; y j A independent of z euse the stright dislotion in the verge mtrix is periodi long zD s shown shemtilly in pigF PF sn the true rndom lloyD solute of type n t position @x i ; y j ; z k A hs spei interE tion energy U n @x i ; y j ; z k A due to the spei lol distriution of other solutes round @x i ; y j ; z k AF por sttistil distriution of lol environmentsD the true intertion energy n thus e expressed s the verge vlue in the verge mtrix plus utuE tionD U n @x i ; y j ; z k A a U n @x i ; y j A C U n @x i ; y j ; z k AF sf the intertion ws purely elstiD then the vE erge intertion energy would e diretly relted to the verge of the solute mist volume through the pressure eld of the dislotion in the verge mtrixF he dditionl ututions U n @x i ; y j ; z k A in the intertion energy of the rel rndom lE loy would e relted to the ututions in oth the mist volume V n @x i ; y j ; z k A nd the mist soE lute shpe @devitori mist strinsA sine the vE erge solute shpe ontriution is zeroD y symE metryD in ui mtrixF he intertion energy U n @x i ; y j ; z k A a U n @x i ; y j A C U n @x i ; y j ; z k A inludE ing oth the intertion in the verge mtrix mE teril nd the dditionl ututions is the fundE mentl input to the theory for solute strengtheningF sn the dilute limitD where one element ts s the mtrixD U n @x i ; y j ; z k A a U n @x i ; y j AD independent of z k D nd n e omputed s shown in pigF PF por nonEdilute systemsD omputtion of U n @x i ; y j ; z k A or U n @x i ; y j A is hllengingD ut their existene is lerF 3.2. Energy of a straight dislocation segment in a random alloy trengtheningD i.e. inresed stress required to move dislotion due to the presene of solutesD rises from the totlity of the intertion energies etween ll of the solutes nd eh individul disE lotionF he verge mtrix onept llows us to imgine stright dislotion in tht mtrixD with surrounding solutesF he rndom distriution of soE lutes in the lttie gives rise to lol ututions in solute onentrtions nd lttie distortionsF he dislotion is thus ttrted to some ututions nd repelled y othersF e key onept in the model is the energy change of stright dislotion segE ment of length when the dislotion glides disE tne w from n initil position t x a HF he hnge in the position of the dislotion reltive to the positions of the @xedA solutes leds to potenE til energy hnge of ¡U tot @; wA a i;j;k n s n ijk U n @x i w; y j ; z k A U n @x i ; y j ; z k A ; @SA where s n ijk a I if typeEn solute is t position @x i ; y j ; z k A nd H otherwiseF his energy hnge n e positive or negtiveD nd hs sttistil distriE utionF e re interested in those environments tht pin the dislotion segment @i.e. lower the sysE tem energyAF he typil energy redution ssoiE ted with suh fvorle inding4 environments is the negtive @inding tken s negtive energyA of the stndrd devition of the energy hnge ¡Utot @; wA a h ¡U P tot @; wA i h ¡U tot @; wA i P ! I P : @TA feuse the solutes re rndomly distriutedD i.e. unorrelted @no short rnge orderAD the quntity ¡Utot @; wA n e omputed nlytillyF snvriE ne of the dislotion long z llows the verge over the vritions U n @x i ; y j ; z k A due to lol disE tortions ndGor lol hemil environment mong the sites z k to e rigorously performed TID leding to ¡Utot @; wA a p Qb
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pigure PX ietive medium pproh for dislotionGsolute intertionsX @A pullyErndom QEomponent lloy ontining dissoited edge dislotionY @A ietive mtrix mteril of the sme lloyD with n emedded e solute4 t position @x i ; y j ; z k A reltive to the dislotion entered t the originD with intertion energy U A @x i ; y j AY @AD xormlized furgers ; @VA where ¡U n ij @wA a U n @x i w; y j A U n @x i ; y j A nd ¡U n ij is the ssoited stndrd devition of the distriution due to lol ututionsF ¡ Ẽp @wA is the key mesosle quntity for strengthening in the theoryF e note tht this quntity inludes the dditionl ututions in intertion energy tht rise in the true rndom lloy within the frmework of the eetive mtrixF he omputtion of ¡ Ẽp @wA does not repreE sent ny onvergene issuesF he energy dierence ¡U n ij @wA due to solutes fr from the dislotionD i.e. where r >> w with r a @x P i Cy P j A I=P D sles s w=r P nd so the sum over ll sites fi; jg in iqF @VA is onE vergentF es long s w emerges s nite distne @see elowAD there is no divergene in the sumF he quntity w is not utEo distne in ny wyD nd thus hs very dierent mening thn tht rising in the originl vush modelF 3.3. Minimum energy conguration of a long dislocation in a random alloy e hve seen tht stright dislotion segments n lower their energies y moving to fvorle soE lute ututions tht exist in the rndom lloyF roweverD dierent segments long long disloE tion line will wnt to move to dierent positions long the glide plneD i.e. the dislotion will not remin strightD nd there is n elsti energy ost to reting the nonEstright dislotionF hereE foreD n initilly stright dislotion of length L n minimize its totl energy y dopting wvy ongurtion where segments of some hrterisE ti length c reside in regions of fvorle utuE tionsF hese segments lie t the minim in poE tentil energy lndspe hving typil minim nd mxim sped y some hrteristi distne w c long the glide plneF he pinned segments c re onneted through dditionl segments of length c to rete wvyD qusiEsinusoidl ongurtion @see pigF QAF edopting suh wvy ongurtion involves owing of the dislotionD whih hs the elsti energy ost ssoited with the dislotion line tension4 F por the ongurtion envisioned hereD the ost of owing is relted to the hnge in totl length of the dislotion nd is given y W ¡E v @ c ; w c A a w P c =P c per P c dislotion porE tion @see pigF QA when w c ( c @veried ex post ftoAF o determine the hrteristi c nd w c D we onsider ll possile dislotion ongurtions ; w nd minimize the totl energy with respet to nd wF he totl energy of wvy dislotion is the sum of the elsti energy penlty of owing nd of the potentil energy gin of fvorle solute enE vironmentsD ¡E tot @; wA a where L=P is the numer of pinned segments of length D with eh segment of length nding lol environment tht hsD on vergeD the typiE l inding energy ¡Utot F e hve ftored out the length from the potentil energy so tht the key quntity ¡ Ẽp @wA ppers expliitlyF he equiE lirium dislotion ongurtion is then found y minimizing the totl energy ¡E tot with respet to oth nd w to otin c nd w c F winimiztion with respet to is nlytilD giving
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winimiztion of ¡E tot with respet to w then redues to the solution of @¡ Ẽp @wA=@w a ¡ Ẽp @wA=PwF ¡ Ẽp @wA is not expliit in wD nd thus minimiztion is performed numerillyF sn the theE oryD w c emerges nturlly vi minimizing the totl energyF he ove nlysis shows tht the totl energy of the wvy dislotion desried y c nd w c is lower thn the originl stright dislotion y n energy per unit length of
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where the numeril ftor is relted to the rysE tllogrphy of the slip systemF his desries the typil pinning of the dislotion y the rndom eld of solutesF 3.4. Thermal activation of dislocation glide wotion of the overll dislotion then ours y the motions of the individul segments of length c F sn the pinned ongurtionD eh P c portion of the dislotion resides in lol totl energy miniE mumD of verge depth P c ¡E tot @ c ; w c A=L with reE spet to the zero energyF elong the glide plneD t typil distne w c wy from tht minimumD there is lol mximum energy orresponding to n unfvorle solute ongurtionF e envision this lol potentil energy lndspe to e lolly sinusoidlD nd the ssoited potentil energy rE rier ¡E H b D i.e. the verge energy etween the lol minimum nd the lol mximumD is then ftor of Rate he overll plsti strinErte is ontrolled y the rte of thermlly tivted glide of the dislotion segments over the stressEdependent energy rrierF yrown9s reltion for the strinErte is " a m bv where m is the moile dislotion density nd v is the veloity PHD PTD STF he veloity is determined y the rte of espe R of the segments nd the typE il glide distne d $ w c for eh eventF he rte of espe is the rte of therml tivtion of segE ment over the rrierD R a H e ¡E@A=kT where H is n ttempt frequeny tht is relted to the tomi virtion frequeny nd the numer of toms long the dislotion line segmentD H $ t =@ c =bAF esE semling ll of these pieesD the plsti strinErte is then " a m b P w c t c e ¡E@A kT a " H e ¡E@A kT : @ITA sing typil vlues for wellEnneled metlsD t $ IH IQ s I D nd with w c $ I nm nd c $ IH nm emerging from vrious nlyses elowD the referene strinErte is " H $ IH S s I F ine " H will lwys pE per within logrithm @see elowAD vlues within one order of mgnitude of this estimteD eFgF from IH R s I to IH T s I D mke little quntittive dierE ene in nl preditions of the yield strength versus temperture t typil experimentl strin rtes of " a IH S s I to IH P s I F II olving iqF @ITA for the niteEtempertureD nite strinErte yield stress y @T; "A givesD for y = yH ! H:S y @T;
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his is stndrd formultion in historil soluteE strengthening theories @seeD for exmpleD efsF PHD STAF ith inresing tempertureD vush TUD SU rgued tht the dislotion n eome wvy on multiple lrger slesD nding everEdeeper energy rriers over longer length slesF re onluded tht the relevnt energy rrier inreses logrithE milly with deresing stress t low stressesD ut did not provide quntittive nlysis for evluE tionF e hve reently derived TV relted result sed upon generliztion of our nlysis ove for singleEsle ow out to multipleEsle ow outF e hve demonstrted tht there is indeed trnE sition towrd regime with n pproximtely logE rithmi sling of the energy rrier versus stressF et even lower stressesD there is trnsition to powerElw regimeD ut this regime tends to e elow the regime proed in most ville experimentsF he energy rrier emerging from the multisle ow out nlysis is shown in pigF R long with the singleEsle ow out modelF pitting our full multiE sle ow out nlysis to logrithmi form over n intermedite rnge of stresses H:P y = yH H:S gives yield stress versus temperture nd strinE rte of IUD TUD TV y @T;
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his logrithmi result n tully e used t stresses up to y = yH % H:V with very modest errors of pproximtely U7 over the result of iqF @IUAF por polyrystlline mterilsD the predited strength y @T;

"A needs to e onverted into n uniE xil yield stress y @T;

"AF por n equixed f polyE rystlD the unixil tension strength is otined from the sher strength y multiplying y the yE lor ftor of Q:HTF 3.6. Activation Volume e quntity ssoited with the nite temperE ture therml tivtion nd yield stress is the re swept y the dislotion during the tivtion proE essF his re multiplied y the furgers vetor is the tivtion volume V a @¡E@A=@F por the highEstressGlowEtemperture model @iqF @IUAAD the tivtion volume n e diretly lulted from iqF @ISA s
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fsinksi RR rst experimentlly oserved tht the reltionship etween the tivtion volume V nd the nite temperture yield stress y seemed indeE pendent of the lloy omposition for given temE pertureF his stress equivleny priniple4 is nominlly stised y the modelD provided tht the quntity w c does not vry muh etween difE ferent lloy ompositions @whih turns out to e the se in the dilute limit for given mtrix mE teril IUD TWAF henD for single solute of onE entrtion cD the quntity ¡ Ẽp @w c A P ontrols oth yH nd ¡E b D whih leds to diret reltionE ship etween V nd y F por the highEstressGlowE temperture solutionD this reltionship tkes the form y a K I V Q=P @I K P V I=P AD where K I nd K P re onstntsF hen K P V I=P is smllD the reE ltionship etween V nd y n e pproximted y the power lw V $ P=Q y D whih ws previously derived y xrro UHF 4. Valuable and Insightful Simplications he present theory predits solute strengthening due to the mesosle ututions on the sle of @ c ; w c A tht rete the dominnt energy rriers ontrolling thermllyEtivted dislotion motionF ell spets of the theory re wellEdened E there re no tting or djustle prmeters E nd thus the theory should e preditiveF he mjor inputs to the theory re the soluteGdislotion intertion energiesD whih depend on the detiled dislotion strutureF he other inputs re the furgers veE torD the elsti onstnts nd the dislotion line tension in the verge mtrixF he ltter is not known preiselyD ut sles s G b P where is representtive sher modulusF e will show some spei preditions in etion SF roweverD the full generl model does not provide signint diret insights into the role of the verge mtrix propertiesD the solute propertiesD or the overE ll ompositionF sn dditionD the soluteGdislotion intertion energies U n @x i ; y j ; z k A my not e esily omputle or mesurle in rel mterilsF rereD IP we thus simplify the theory to some importnt limE iting sesX @iA dilute solutions where one ompoE nent hs high onentrtion nd serves s the mtrix4 in whih the remining omponents re solutesD @iiA elsti intertions onlyD nd @iiiA elsti intertions plus soluteGstking fult intertion model to etter ount for the dislotion ore speE i intertionsF hese simplitions revel mny onnetions with historil theoriesD prtiulrly in the dilute limitF 4.1. Dilute limit o mke ontt with the historil modelsD we onsider the dilute limit of iqsF @VAD @IPA nd @IRAD s most of the eorts in modeling solute strengthE ening were done for low solute onentrtion mteE rilsF sn this limitD one omponent n H is dominntD i.e.

c nH ) fc nT anH gD nd eomes the mtrix elementF ih solute n is therefore only surrounded y n H E type tomsD so the ututions of soluteGdislotion intertions due to the dierent possile lol hemE il nd struturl environment dispper nd the ¡U n ij terms in iqF @VA vnishesF epplying the sum rule n c n ¡U n ij @wA a HD iqF @VA n e rewritten s ¡ Ẽp @wA a snserting iqF @PIA into iqsF @IPA nd @IRAD nd reduing further to the se of only one solute with onentrtion c nd intertion energy hnges f¡U ij @w c Ag @inry dilute lloyAD the slings of the zeroEtemperture ow stress nd energy rrier 

Temperature (K) Temperature (K) Yield Stress (MPa) Yield Stress (MPa) Cu Ag Cu Cu (a) (b) (c) (d)
pigure SX ield stress versus tempertureD s predited y multisle ow out model @linesA nd s mesured @symolsAX @A guEel RRY @A guEqe SID @A guEwn SI nd @dA egEel RIF reditions use tted prmeters in le IF in el y veyson et alF IUAD then the pproximte reltionship yH a
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holds where @nA yH nd ¡E @nA b re the zeroE temperture ow stress nd energy rrier for soE lute n loneF he rst expression in iqF @PQA is onsistent with vush9s nlysis QPD QQD whih impliitly ssumed some onstnt vlue of the w utEo prmeterF 4.2. Elastic interaction model e now simplify the full strengthening theE ory of iqsF @VAD @IPA nd @IRA y onsidering only the elstiity ontriution U n el @x i ; y j ; z k A a p@x i ; y j A¡V n @x i ; y j ; z k A to the soluteGdislotion intertion energyD whih is due to the intertion etween the pressure eld p@x i ; y j A of the disloE tion t the solute site nd the solute n mist volume t this siteF his size4 ontriution is ommon to ll mterilsF purthermoreD in sustitutionl f mterilsD due to ui symmetryD the eets of loE l devitori mist strins of solutes verge to zeroF he elstiity limit lso enles omprison with simpler literture models sed on elstiity oneptsF e rst express the dislotion pressure eld s p@x i ; y j A a Q @ICA @I A f@x i ; y j A where f@x i ; y j A is the dimensionless pressure generted y the distriuE tion of normlized furgers vetor long the glide plne @see for instne pigF PAF rereD is the isotropi sher modulus so tht nistropi elsti IR eets re emedded within the funtion fF snsertE ing the ove into iqF @VAD the key energy in the theory eomes ¡ Ẽp @wA a Q @I C A @I A ; @PRA where ¡f ij @wA a f@x i w; y j A f@x i ; y j AF ell tht ¡V n is the verge mist volume of solute n nd ¡Vn its stndrd devition due to dierent lol hemil nd struturl environmentsF winimiztion of the totl energy with respet to w to determine w c is then determined only y ¡f ij @wAY the role of the dislotion ore struture is thus seprted from the solute propertiesF sn other wordsD w c depends only on the dislotion ore struture through the dislotion pressure eldF efE ter minimiztionD we otin @ c ; w c A for the spei dislotion ore strutureF ithout ny loss of genE erlityD we n express the line tension for owing in the glide plne s a b P D with dimensionE less numer tht my lso inorporte nisotropi elstiityF he zeroEtemperture ow stress yH nd energy rrier ¡E b n then e written s yH a H:HSI

I Q I C I R Q f I @w c A ¢ P R n c n ¡V P n C P ¡Vn b T Q S P Q ; @PSA ¡E b a H:PUR I Q b Q I C I P Q f P @w c A ¢ P R n c n ¡V P n C P ¡Vn b T Q S I Q ; @PTA where f I @w c A a b wc S=P i;j ¡f P ij @w c A ! P=Q nd f P @w c A a h wc b
¡ P i;j ¡f P ij @w c A i I=Q re the minimized oeients for the given ore strutureF wo interesting fetures emerge when exminE ing the role of the ore struture for dislotions tht dissoite into two prtil dislotions sepE rted y stking fult of length dD s in f rystlsD nd sl nd pyrmidl slip in hp rysE tlsF e rst represent the ore struture y disE triution of furgers vetor long the glide plneD nd ompute the pressure using isotropi liner elstiity @see eppendix e nd pigF eFIQ for deE tilsAF henD for suiently lrge dD the minimizE tion to otin w c nd the oeients f I @w c A nd f P @w c A revels the existene of two minim with two vlues w c;v < d nd w c;r % d nd thus two sets of oeients f I;v @w c;v A; f P;v @w c;v A nd f I;r @w c;r A; f P;r @w c;r AF he rst minimum hs higher strength f I;v @w c;v A > f I;r @w c;r A ut lower energy rrier f P;v @w c;v A < f P;r @w c;r AF he rst minimum thus ontrols the strength t lower tempertures while the seond minimum onE trols the strength t higher temperturesD with low nd high depending on the preise mteril vluesF he seond minimum thus provides high temE perture plteu4 strength tht my supplnt the high temperture ehvior due to the rst miniE mumF his unexpeted outome will pper in our preditions elow for wgEnF yf perhps more importne is tht the oeE ients f I;v @w c;v A nd f P;v @w c;v A for the rstD low tempertureD minimum re essentilly indepenE dent of d for d > IHbF por mtries @pure or lE loyA with low stking fult energies p D nd thus lrge dD the low temperture ow stress is thereE fore independent of stking fult energyF he oE eients depend on the spreding of the furgers vetors of the prtil dislotionsD ut these do not vry signintly ross f metlsF his unE expeted outome will enle preditions of ow strength for rnge of f righ intropy elloys for whih the stking fult energies re suiently low @suh tht d > IHbA ut re not estlished with ny quntittive uryF ith oeients f I;v @w c;v A nd f P;v @w c;v A independent of mteril @for d > IHbAD the ove elsti theory eomes fully nlytilF iqsF @PSA nd @PTA then show tht high strength mterils re hieved y mximizing the sher elsti modE ulus of the mtrix @whih itself enourges lrger d a b@P C A=@PR@I A p A for f edge disloE tionsA nd mximizing the onentrtionEweighted menEsqured mist volume quntityF he imporE tne of high sher elsti modulus nd high misE t prmeter pper in previous models for dilute lloys PWD QPD QWD TWD ut the result here is now generlized for ritrry omposition of the solid solution lloys nd is demonstrted to e indepenE dent of dislotion dissoition for d > IHbF purthermoreD the onentrtionEweighted menE IS squred solute mist volume quntity ppering in iqsF @PSA nd @PTA n e relted E under ertin onditions E to the soElled lttie mist prmeE ter4 F peillyD negleting the ututions in soluteGdislotion intertionsD ssuming tht ll lloying elements n rystllize in the sme struE tureD nd ssuming tht egrd9s lw is followed for the lttie prmeter vritions with lloy omposiE tionD the mist prmeter is a q n c n ¡V P n =QV D with V the tomi volume of the verge mtrixF he zeroE strength nd energy rrier thus sle s yH G R=Q nd ¡E b G P=Q F his prmE eter is frequently estimted TD UPD UQD UR using tles of epted4 tomi rdii for the dierent elementsF uh estimtes re generlly not suE iently urte for rel preditions nd should e repled y the more generl denition using the mist volumes of the solutes in the tul lloy of interestF hese mist volumes re wellEdened quntities from oth thermodynmis nd mehnE is perspetivesD do not rely on ny egrd9s lw sE sumptionD do not require the elements to rystllize in the sme strutureD nd re simple enough to e omputle using ab initio lultions IQD IUD USF eduing gin to the se of only one dilute soE lute with onentrtion c nd mist volume ¡V D we otin the zeroEtemperture ow stress nd energy rrier for dilute inry lloys s yH a H:HSI
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hese slings with the solute mist volumeD yH G ¡V R=Q nd ¡E b G ¡V P=Q IUD TWD show tht ¡V is sensitive quntity for whih n urte deterE mintion is neessryF roweverD ¡V n now e hieved y routine ab initio omputtionsF xote tht the sign of the mist volume does not hve ny importne within the simplied model dopted hereD i.e. solutes hving mist volumes of the sme mgnitude ut with opposite signs will strengthen the mteril in the sme wyF his is reveled in expliit lultions for wg nd gu solutes in f elD for instne IUF sf the solute@sA modify the elsti onstnts of the verge mtrix reltive to the pure elementl mtrix thenD in the dilute inry lloy seD we n write a H C @@=@cAcD giving rise to seondE order dependene on onentrtion c in oth yH nd ¡E b F his provides one omponent of the hisE toril modulus4 term in the strengtheningF es summrized y ergon PHD the hnge in elsti onstnts indued y the presene of solutes in pure element hs two min onsequenesX @iA ddiE tionl oreEspei intertions @inhomogeneity or modulus4 pleisher eet PHD PVD PWA nd @iiA modition of the dislotion line tensionF he simplied model sed on mist intertions in the verge mtrix does not inlude the rst eetD ut does rete onentrtionEdependene of the disloE tion pressure eld nd the line tensionF sn the full modelD iqsF @VAD @IPA nd @IRAD ore intertions re omputed tomistilly y hpD mening tht the modulus4 eet nd ll other higher order eets ourring within the dislotion ore re utomtiE lly inluded @fF desription of soluteGdislotion intertions in setion PAF 4.3. Additional core contribution: interaction with the stacking fault es mentioned oveD the redued elstiity mist volume intertion model for the soluteGdislotion intertion neglets ll spei hemil interE tions within the dislotion oreF sn f mterilsD dislotions re dissoited into two prtils sepE rted y stking fultF en lterntive to diret lultions tht improves the intertion desripE tion within the ore zone without dding too muh omplexity is to onsider lso the intertion of the solute with the stking fult in this regionF his hs een done in the work of si et alF QW nd w et alF UT for dilute inry lloysD in the frmework of pleisherEtype nd veysonEtype strengthening modelD respetivelyF his led to the identition of importnt fetures due to the spei ore interE tionsD s will e seen further elowF e disuss here the dilute inry se for simpliityF he totl intertion energy for the solute n t given poE sition @x i ; y j A eomes the sum of the mist term nd stking fult term U n @x i ; y j A a p@x i ; y j A¡V n C U n @x i ; y j A; @PVA he stking fult term U n @x i ; y j A n e pproxE imted s onstnt within the stking fult nd zero outsideD so tht U n @x i ; y j A a U n I j¦I H
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x i d P ! ; @PWA IT where j¦I is the uroneker symolD d d eq the equilirium dislotion dissoition distne nd H the reviside funtionD whih delinetes the rnge long the glide plne where the intertion with the stking fult existsF his ounts for the interE tion energy U n I of the solute with the stking fult over the two plnes djent to the glide plne tht dene the stking fult plneF xote tht interE tions of sustitutionl solutes in plnes frther wy from the stking fult n exists QU nd n e inluded in iqF @PWA y onsidering j a ¦P; Q; :::F snterstitil solutes ndGor multiple solute sites not relted y symmetry UUD UV re lso strightforE wrd to onsiderF roweverD in suh sesD nd even when onsidering only the two plnes djent to the stking fult energyD the revyside funtion my require some smoothing to void n rupt trnsition in the energy ontriutions versus disE tne wF his does not hnge the generl onluE sions elowF he soluteGstking fult intertions n e lulted using diret ab initio lultionsD now routinely done for dilute lloys UUD UVD UWD VHF sing the intertion model of iqF @PVAD the key hrteristi energy ¡ Ẽp @wA eomes ¡ Ẽp @wA a @QHA with ¡p ij @wA a Q @I C A @I A ¡f ij @wA; @QIA ¡h ij @wA a j¦I H
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he key energy ¡ Ẽp @wA of iqF @QHA n therefore e deomposed into mist volume @size4A termD stkingEfult intertion termD nd rossEterm etween mist volume nd stking fult interE tionF snterestinglyD ontrry to the se of the misE t volume intertion onlyD the role of the solute nd mtrix properties re no longer seprtedF he minimiztion with respet to w leding to w c is not independent of the solute propertiesF w et alF UT illustrted this spet y showing dependene of w c on mist volume nd stking fult intertion energies when oth terms re inluded for the soE luteGdislotion intertionsF foth zeroEtemperture ow stress nd energy rrier sle with the key energy ¡ Ẽp @w c AD i.e. we hve yH G ¡ Ẽp @w c A R=Q nd ¡E b G ¡ Ẽp @w c A P=Q F gonsequentlyD the rst two terms in iqF @QHA re lwys positive nd inrese the strength t ny tempertureD whtever the sign of ¡V n nd of U n F roweverD their respetive signs mtter for the third term @the rossEtermAD whih n either enhne or derese the strengthF imilr onlusions were oE tined using pproximte funtionl forms for the zeroEtemperture strength y si et alF QW nd for oth zeroEtemperture strength nd energy rrier y w et alF UTF xote tht these uthors dopt slightly dierent expression for the intertion of the solute etween the two prtilsD onsidering slip mist prmeter p a I p d p dc caH ; @QQA with p the relevnt stle stking fult energy of the mterilF he soluteGdislotion intertion is then given y U n @x i ; y ¦I A a A s h @u s @x i ; y ¦I AA p ; @QRA where A s is the re of the solute tom projeted on the slip plneD h is the generlized stking fult energy of the hostD u s is the sher displement of the tom djent to the stking fult with oE ordintes @x i ; y ¦I AF his formultion should etE ter desrie the intertion of the solutes when pE prohing the prtil ores thn the simple model of iqF @PWAD s it ounts for the ext mistting displement long glide diretion insted of hvE ing n rupt reviside funtionF yn the other hndD inlusion of the intertion of solutes loted in plnes frther wy from the glide plne is less ovious within this pproh nd would require dE ditionl modeling UUD VHF o onludeD simplied models to ount for oth elsti longErnge eets nd hemilEspei shortErnge intertions within the dislotion ore llows us to tkle nd understnd the possile onsequenes of inluding ore intertionsD omE pred to the purely elsti seX @iA vrition of w c with the solute type @seen in el lloys IUD lE though hnges re very wekAD nd @iiA strengthE eningGsoftening ompred to the simplied misE t volume intertion modelF pinllyD the elsE IU tiGstking fult intertion models require mE teril input tht re otined from omprtively lowEost ab initio simultionsD thus llowing for the onstrution of design mps t low ostD s ompred to full diret omputtions of the soE luteGdislotion intertions @see exmples y si et alF QW for wg lloys nd w et alF UT for el lloysAF 5. Applications e now turn to vrious pplitions of the strengthening model to mterils hving low intrinE si eierls stressF e selet spei ses here tht re not ddressed in detil in erlier workD so tht the results here re new in some respetsF he pE plitions over rnge of systemsD one with relE tively ompt dislotion ore @f el lloysAD one with wellEdissoited nd distint prtil disloE tions @sl slip in hp wg lloysAD one with the dislotion t n interfe @twinning in wgAD nd nlly omplex nonEdilute lloys @f righ intropy elloysAF ih pplition demonstrtes the qunE tittiveD prmeterEfree power of the theory while lso reveling new preditions tht emerge ntuE rlly from the theoryF 5.1. Al-Mn Solid Solutions e hve previously exmined the strengthening ehvior of vrious solutes in el lloys IUD TWF rereD we speilly disuss the se for wn soE lutes in f elD nd py detiled ttention to the role of the line tensionF he edge dislotion ore ws omputed y previously VI nd orresponds to the struture shown in pigF IF fsed on this strutureD the normlized pressure eld of the disE lotion wy from the ore is desried using the following spred ore modelD f@x i ; y j A a b n C I where n a IHD whih ws previously shown to gree well with the ore predited using n iew potenE til VPF e eierlsExrro model PT ould lso e usedD or douleEqussin model s shown in pigF PF he soluteGdislotion intertion outside the dislotion ore is ssumed to e purely elstiD i.e. U el @x i ; y j A a p@x i ; y j A¡V F por sites immediE tely djent to the dislotion ore @stking fult regionAD the intertion energy is lulted y diE ret sustitution of n el tom y wn tom in the quntum omputtionl ellF he resulting mp of soluteGdislotion intertion energy versus solute position is shown in pigF IF his is the only solute input to the theoryF he line tension is mteril propertyD ut its preise vlue is not wellEestlished sine it inE volves dislotion ore energiesF sn dditionD sine line tension is in prt ontrolled y elsti interE tions long nonEstright dislotionD the line tenE sion vries with the length of the owing lineF sn the ontext of solute strengtheningD the line tension should thus e omputed t the hrteristi peE riodi length P c F eent tomisti lultions for el using n iew potentil VQ showed tht for the edge dislotion is pproximtely a C I ln@P c =bA C C H ; @QTA where C I a H:HUP eF # e I nd C H a H:HR eF # e I F he theory ove ssumed tht the line tension is independent of nd so is not inluded in miniE miztion of the totl energyF ine the line tension only vries logrithmilly with c D the dditionl omplexity hs minor quntittive eetsF por inE stneD for wn onentrtions rnging from H:HHI{ H:HID c vries in the rnge ISH{QHH # eD nd iqF @QTA then predits to rnge from H:QH{H:QS eF # e I F he zero temperture strength nd energy rE rier sle wekly with D s yH $ I=Q nd ¡E b $ I=Q respetivelyD so tht eets of suh vritions in line tension re minorF he vlues H:QH{H:QS e re slightly lowerD howeverD thn the vlue of H:RU eF # e I used in efF IUF he line tension ould lso e lulted selfEonsistently using the model nd the reltionship etween nd c given in iqF @QTAF peillyD n initil vlue for is ssumed nd is used to lulte c F e new line tension H @ c A is then omputed nd used to preE dit new vlue of H c $ H I=Q F his proess is iterted until oth c nd re onvergedF he resulting selfEonsistent then determines the soE lute strengthening prmeters ¡E b $ I=Q nd yH $ I=Q F he totl energy vsF w for elEwn is shown in pigure TF por the el ore with smll prtil disloE tion seprtionD only single minimum emerges t hrteristi length w c a IV:T # e tht is on the order of the prtil seprtionF he resulting solute strengthening prmeters for elEwn re sumE mrized in le PF por omprisonD the sme pE rmeters s predited y w et alF UT using the IV le PX olute strengthening prmeters for the elE wn nd wgEn systemsF he wgEn system hs two sets of prmetersD orresponding to eh minimum shown in pigF TF he prmeters shown use a H:QP eG # e nd a H:PR eG # e for elEwn nd wgEnD respetivelyF lues etween prenthesis re from efF UTF xormlized elEwn wgEn prmeter gonf I gonf P w c @ # eA IVFT@IUFIA WFT QSFI c ¡ c I Q @ # eA QVFV QIFV IHVFR ¡E b =c I Q @eA TFTP@TFWRA IFTI SFUT yH =c P Q @wA VHUFW@VRHA RITFS IHVFW sme strengthening theory ut simplied elsE tiGstking fult intertion model @see iqsF PW nd QRA re lso shownY similr vlues re foundD showing the vlidity of the simplied intertion model for elEwn lloysF he preditions of the model re ompred to experimentl mesurements y hik et alF RW on three dierent lloy ompoE sitions t tempertures rnging from UVu to PTQu nd " a S ¢ IH S s I F he theory uses referene strinErte of " H a IH R s I F hik et alF hve onE rmed tht their lloys ontined elements other thn wnD ut only in negligile onentrtionsF sn prtiulrD pe onentrtions re less thn Q ppmY this is espeilly importnt euse solute strengthE ening of pe in el is nomlously lrge IUD TWF woreoverD the present theory fils in predition of the strength of dilute elEpe inry lloysY this will e disussed in etion TF he omprison eE tween preditions nd experiments for elEwn lloys is shown in pigF UF por the purpose of illustrtionD predited strengths over rnge of line tension vlE ues re shown to indite sensitivity of the results to this quntityF e good greement over the entire onentrtion nd temperture rnge of the experiE ments is foundF e emphsize here tht our prediE tions re sed on rstEpriniples lultions nd re prmeterEfreeF

Activation volume of Al alloys

he tivtion volume V is physil quntity tht n e mesured experimentlly using strin jump testsD nd fsinski showed tht V stises the stressEequivleny priniple in solute strengthened mterilsF st ws shown erlier tht stress equivE leny is predited y the model if w c is the sme for ll the lloysD whih is wellEstised in elE lE loysD nd ssuming tht is onstntF hile the niteEtemperture yield stress y is only wekly deE pendent on due to the opposing trends on yH nd ¡E b D the tivtion volume sles like S=W F st is thus not ler if stress equivleny is oeyed if vries with c ndD thereforeD solute onentrtionF o investigte this issueD we hve omputed the line tension selfEonsistently using the model nd the reltionship etween nd c given in iqF @QTAD s disussed in the previous prgrphF e perform the nlysis for elEwg nd elEi lE loys using solute strengthening prmeters reported in efF IUD ut resled with the selfEonsistent F hese lloys re hosen euse they hve very difE ferent ¡E b nd yH ut the sme w c F he predited tivtion volume s funtion of y is shown in pigF V in logElog plot long with the experimenE tl vlues of hik et alF hik et alF SPD SQ meE sured t UV u for rnge of solutes in elF he results show tht stress equivleny is upheld even when vries with solute onentrtion @through the orresponding vlue of c AF foth the prediE tions nd the experiments in pigF V re pproxE imtely linerD inditing powerElw reltionship V $ m y F he exponent m using the selfEonsistent is slightly lrger thn tht using xed ut oth ses re smller thn experimentsF he preE dited mgnitude of V is lrger thn experimentsD ut the experimentl yield stress inludes ontriuE tions due to lttie frition @eierls stressA on the order of I wF hen this is tken into onsiderE tionD greement is improvedF pinllyD n interesting onsequene of this nlysis is tht the vrition of with y lso shows stress equivleny4F ht isD given the sme niteEtemperture yield stressD two lloys with the sme mtrix will hve the sme hrteristi length regrdless of the lloying eleE ment@sA @the vsF y urve is given in pigF VAF

Mg-Zn Solid Solutions

nlike the reltively ompt dislotion ore in elD the sl edge dislotion in wg hs lrge disE soited ore with distint prtilsD ommensurte with its low stking fult energyF he fundmentl theory pplies in generlD ut revels tht seond minimum solution rises in wg tht is sent in elD nd this hs implitions for the strength t higher temperturesF e rst reported on this feture of the model in efF IV for wgEel lloysF rereD we present previously unpulished preditions for the wgEn systemF he soluteGdislotion intertion energies were lulted y hp for tomi sites in the wg sl edge dislotion ore y si et alF QWD nd re IW pigure UX ixperimentl SP nd predited niteEtemperture yield stress y @T A a Q:HTy @T A for elEwn lloysF he preE dited results use selfEonsistent line tension vluesF he rnge of predited vlues orresponds to n ssumed rnge of a H:P to H:RU eF # e 1 to show sensitivity to this pE rmeterY symols without rnge indite tht the rnge is smller thn the symol sizeF he dshed line of slope of unity is guide to the eyeF shown in pigF IF he soluteGdislotion enerE gies outside the ore region were pproximted y elstiity with the hpEomputed mist volume ¡V a IH:T # e Q for n in wgF por n urte deE sription of the normlized pressure eld f@x i ; y j AD we use the eierlsExrro modelD f @x i ; y j A a I I b H @x H A y j @x i x H A P C y P j dx H @QUA where the furgers vetor distriution b H @x H A a db=dx is lulted from the rstEpriniplesE omputed ore struture of si et alF QWF he omplete soluteGdislotion intertion energy mp is shown in pigF IF he smooth trnsition etween the hp omputed ore intertions nd the elsti mist volume intertions outside the ore region is gin found nd supports the use of the elstiE ity pproximtion just outside the oreF e use line tension sed on iqF @QTAD ut sled the reE sults from el to ount for the dierenes in sher modulus nd furgers vetorD s a b P F he selfE onsistent proedure leds to tht rnges from H:IW{H:PV eF # e I for the temperture nd onenE trtion rnge in the experimentsF he totl energy per unit length s funtion of w @see iqF @IIAA for the wvy dislotion is shown in pigF TF rereD the hnge in totl energy shows two minim rther thn just oneY this ws noted erlier during our disussion of the elstiity limit of the generl theoryF sn wg sl slipD there re therefore PH 
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pigure VX @A xormlized tivtion volume MV=b 3 nd verE sus stress y t UV u for experimentl inry el lE loys SPD SQ @open symolsA nd preditions @solid lineX a H:PS eG # eY dshed lineX selfEonsistent AF reditions re lulted using solute strengthening prmeters for elE wg nd elEi from efF IUD nd the results re identil thus demonstrting fsinksi9s stress equivleny prinipleF @A elfEonsistent line tension vs yF two equilirium ongurtions tht the dislotion n doptD leding to two sets of solute strengthE ening prmeters s summrized in le PF he two minim rise euse of the dissoited nture of the wg sl edge dislotion oreF he rst ongurtion orresponds to deorreltion of soE lute ututions when the dislotion hs moved pproximtely oneEhlf the prtil seprtionF his ongurtion is hrterized y reltively lrge zeroEtemperture yield stress ut reltively low energy rrierF he seond ongurtion orreE sponds to deorrelting muh longerErnge solute ututionsD nd is hrterized y reltively smll zeroEtemperture yield stress ut reltively high energy rrierF sn order to glideD the dislotion must overome oth types of ongurtions y therml tivtionF sn generlD one of the ongurtions will dominteD i.e. hve the lrgest rrier t ny given stressF o determine the net rte of owD iqF @ITA should thus where the susripts I nd P indite the rst nd seond ongurtionsD respetivelyF snverting iqF @QVA yields the predition of the nite temperE ture yield stress y @T; "AF hue to the two dierent ongurtionsD the temperture dependene of the yield stress exhiits two regimesF et low temperE turesD sine ¡E I < ¡E P whih leds to " P ( " I D the low temperture ehvior of wg sl slip is ontrolled y the rst ongurtionF et higher temE perturesD the seond ongurtion domintes the owF he trnsition etween the two regimes oE urs over reltively nrrow temperture rnge eE use the energy rrier ppers in n exponentil errhenius lwF he solution to iqF @QVA n e well pproximted y using iqsF @IUA nd @IVA for oth ongurtions nd seleting the lrger stressF e now ompre the preditions ginst experiE ments y ekhtr nd eghtsoonin VRF hey meE sured the yield stresses of wgEn lloys t onenE trtions rnging from H:IS7 to H:RS7 nd t vrious temperturesD t " a I:TT¢IH R s I F es eforeD we use " H a IH R s I F feuse the lloy strengths re omprle to the mesured eierls stress wg; y of pure wg D we dd wg; y to the preditionsF he yield strength versus temperturesD s predited nd mesuredD re shown in pigF WF ith no dE justle prmeters or ttingD the preditions re in good greement with experiments over ll onE entrtions nd temperturesF here is some overE estimtion of the yield stress t low temperturesD ut of more importne is tht the model niely ptures the trnsition in strength with inresing temperture into wht is trditionlly referred to s plteu4 regimeF he presene of plteu hs previously een ttriuted to dditionl strengthE ening mehnismsD suh s solute multiplets SID elsti dislotionGdislotion intertions VSD or solute drg frition4 PHF rereD the plteu4 regime rises nturlly from the theory s onE sequene of the wellEdissoited nture of the sl dislotions in wgD nd quntittively explins the trends in experimentl results versus temperture nd ompositionF xo new or unusul mehnisms need to e invoked to explin the experimentsF PI 
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pigure WX ixperimentl VR nd predited nite temperture yield stress y @T A for wgEn lloysF veftX y shown y the solid lineD with the low nd high temperture strengths shown y the dshed line @ y1 A nd dshedEdot line @ y2 AF ightX experimentl versus predited strength ross ll lloys nd temperturesD with preditions using the selfEonsistent line tension with sling iqF @QTA y the rtio of wg nd el sher moduliF hshed line of slope of unity is guide to the eyeF 5.4. Twinning in Mg he theory predits how dislotion will move in rndom eld of solutesF he dislotion is not restrited to e lttie dislotionD nd so eqully ppliesD in prinipleD to dislotions long interfes @with possile moditions needed for ny nite eierls stressAF husD in prtiulrD the model is pplile to the strengthening of twinning disloE tions moving long twin oundryD where the defet hs dislotionCstep hrterF yur disE ussion here exmines strengthening of the tensile twin dislotion in wg due to el nd n solutesF he soluteGtwinEdislotion intertion energies for el solutes were omputed using hp nd the dislotion pressure eldD s shown in pigF IF xoE tlyD the solutes hve strong intertion @oth positive nd negtiveA with the twin oundryD inE dependent of the twin dislotionF his new feE ture of the energetis emerges when studying disE lotions moving long oundriesD ut is not n impediment to pplition of the theoryF hiret hp lultions of the soluteGtwinEdislotion inE tertion energy re omputtionlly very expenE siveD nd so we omputed n intertions with the twin oundry lone @no dislotionA nd hve then estimted the n intertion energy round the disE lotion y vlidted sling of the orresponding vlues for el VTF he line tension is dominted y the step euse the dislotion furgers vetor is quite smll @b $ H:S # eAF he line energy is omputed w/L 1 pigure IHX xormlized totl energy hnge per unit length vsF roughening mplitude w normlized y the periodiity of the oherent twin oundry L 1 a U:SV # eD for el nd n solutes interting with twinning dislotion in wgF he n intertion energies re otined y diret hp lultions t seleted sites nd sled el intertion energies elsewhereF se of the sled energies t ll sites @dshed lineA introdues n error of % HFHHI meF # e 1 in the normlized totl energyF s a H:HRH eF # e I from the twin dislotion ore energy using the iew viu potentil VUD whih predits twin oundry struture nd energyD nd twinning dislotion ore strutureD in good greeE ment with hp VVF ith the ove inputsD the theory is ppliedF es found for wg sl slipD pplition of the model PP to the twinning prolem shows new feturesD s followsF pigF IH shows the totl energy per unit length of dislotion ¡E tot @wA=L for vrious vlE ues of the mplitude wF nlike in the previous pplitions to lttie dislotionsD ler miniE mum in the totl energy does not emerge from the nlysisF therD the energy is lmost indeE pendent of wD for eh disrete @periodiA vlue of w > HF his feture is unique to the twin disloE tion euse the intertion energies re domiE nted y the soluteGtwin-boundary energies rther thn the soluteGtwin-dislocation energiesF es the twin dislotion moves long the oundry plneD it shifts the twin oundry up y the unit step height nd hnges the reltive positions of solutes with respet to the oundryY solutes on the origiE nl oundry re elow the new oundry nd soE lutes ove the originl oundry re on the new oundryF sn rndom solute eld round the twin dislotionD the strengthening is dominted y the fvorle sttistil ututions of solutes long the originl nd new twin oundries whih extend eE yond the defet oreF purthermoreD the smll line energy of the twin dislotion enles more owE ing to nd suh fvorle solute ututionsF es resultD in the wg twinD vrious roughening mpliE tudes wD given y multiples of the twin periodiity L I D hve nerly equl ontriutions to ¡ Ẽp @wA nd thus et the totl energy y omprle mountsF feuse there is no minimum in the totl energy versus mplitude wD with ll vlues of w hving nerly equl energiesD the nlysis of strengthenE ing for the twin dislotion is thus more omplex thn strengthening for the lttie dislotion ut follows s generliztion of the twoEminimum sitE ution found in sl slip in wgF por xed vlues of tempertureD onentrtionD nd strinErteD there re now mny possile ongurtions ville for the twinning dislotion to optimize its energyD i.e. the dislotion line my ow out y vrious mulE tiples of L I towrds fvorle solute distriutionsF emong ll of these ongurtionsD the one requirE ing the highest stress to hieve the desired strinE rte t ny given temperture is the ongurtion tht ontrols the strengtheningF husD predition of the yield stress versus temperture nd onenE trtion requires lultion of the strength for ll possile roughening mplitudes w nd then deE termintion of the mximum strength mong ll these strength vluesF he strength versus temE perture t given c nd strinErte is then onE struted s the envelope4 of the strength vsF urves for eh possile integer ow out w a nL I F gretion of the envelope is strightforwrd ut unE wieldyF ine ¡E tot =@Lc P=Q A is essentilly onstnt for ll the integer vlues of w a nL I @see pigF IHAD we n develop n nlyti model y onsidering w s ontinuous vrile for w ! L I ut with ¡E tot =@Lc P=Q A independent of wD nd rry out the mximiztion nlytillyF his yields n nlyti expression for the niteED nite strinErte yield stress @for w ! L I A given y y @T;

A a P@QQ V k B T ln " H = " @RHA where n rnges over the solute types @ut not the host mtrixAF he preditions use the releE vnt olletive soluteGtwinEdislotion intertion energy quntity ¡E tot =@Lc P=Q AD omputed using the hpEomputed soluteGtwinEdislotion intertion energiesF peillyD we use the verge vlues of ¡E tot =@Lc P=Q A a H:HHW meF # e I for el nd H:HIR meF # e I for nD orresponding to the vE erge vlues s indited in pigF IHF e omE pre to experiments performed t aQHHu nd " a IH Q s I D nd use referene strinErte of " H a IH S s I F winning in pure singleErystl wg ws studied y uelly nd rosford VWD who oE tined strength of Q w t room tempertureY this vlue represents the eierls stress4 for twinE ning nd must e dded to our predition in mkE ing ny omprison with experimentsF hiret nd systemti experiments mesuring the strengthenE ing eet of solutes on twinning in wg lloys hve PQ not een reportedF roweverD there is signint stressEstrin dt on textured polyrystls with eiE ther ontrolled solute onentrtions or ommerE il ompositionsD nd these studies hve een used to estimte the stresses needed to drive twinningF ef WH ontins n nlysis of erlier experimentl dt for eQI WID WPD WQD WRD eTI nd eVH WP t vrious grin sizesF he twinning yield stress for these lloys n e determined from the results t @lrgeA grin size of IHH m nd pplying the pproprite hmid ftor @m a HFQUA WHF he experimentl strengths nd our preditions for the totl twin yield stress @gA inluding the eierls rrier re shown in le QY the greement is very goodF istimtes of the ritil resolved sher stress @gA required for twin growth in wg eQI lloys were lso reported to e in the rnge of TEIR w WSD in resonle greement with the predition of y a IR wF roweverD tnford nd frnett WH studied the solute strengthening of twinning in iE nry wgEn polyrystls nd found tht the g is independent of n onentrtion up to I t7 @P:V wt7 AD in disgreement with our predition tht the strength should inrese from the eierls stress of Q w to % V w t I t7 nF hese strengthE ening levels re smllD ut should e mesurle relF he rtio of twin vsF sl g predited y the modelD howeverD reprodues well the rtio otined in efF WHF yverllD the theory nnot mth two entirely dierent experimentl resultsD those on the wgEelE n lloys nd those on the inry wgEn lloysF he expeted unertinties in the model preditions @due to line energy nd soluteGtwin intertion enE ergiesA re not lrge enough to retify the disrepE nyF e onsider the good greement found for the e lloys to suggest tht solute strengthening of twinning does existD nd with the theory pointE ing towrd these experiments s more representE tiveF he issue of strengthening of twinning y soE lutes will e resolved experimentlly only through designed tests on singleErystl wg lloysD lthough suh studies my e omplited y the need to nuE lete twinsF xonethelessD our roust mehnisti theory provides theoretil foundtion for interE prettion of suh future resultsF 5.5. fcc High Entropy Alloys pinllyD we onsider the se of multiEomponent righ intropy elloys @riesAF e view these mteE rils simply s spei ses of nonEdilute rndom solid solutionsD mking our generl theory ppliE leF e reent eort treting ries s rndom solid solution lloys ws mde y odEgrllo nd iver UIF hey ssumed diluteElimit vushE type nlysis plus seprte douleEkink therE ml tivtion modelD nd used generlized size nd modulus mist prmeters to t existing dtD followed y dtEnlytisEtype pproh to esE timte strengths of riesF he reent experiE mentl work rried out on f ries y u et alF WT showed tht the mesured tivtion volE umes re muh lrger thn those typil for kinkE pir mehnismsD nd tht the vushEtype nlyE sis of efF UI ws qulittively omptile with the experimentl strenghsF he derived theory for riE trry omposition rndom solid solutions presented hereD when redued to the elsti limit @iqsF @PSA nd @PTAAD leds to funtionl forms for strength nd energy rrier hving similrities to those ssumed y odEgrllo nd iverD nd thus puts the prolem on rm theoretil foundtionF rereD we pply the solute strengthening model to severl f ries in the xiEgoEpeEgrEwn fmilyF sn the detiled pulition TID omprison of the theE ory to moleulr simultions on model xiEpeEgr lloyD using iew intertomi potentilsD ws preE sented to vlidte importnt fetures of the theoryF rereD we onentrte on preditions for rel mteE rilsF he xiEgoEpeEgrEwn fmily hs een wellE studied y qeorge nd oworkers WUD WVD WWD who performed unixil tensile yield strengths versus tempertureD strinErteD nd grin size d g in polyE rystlline mterilsF he rie strengths showed two ontriutionsX grinEsizeEdependent rllE eth @rEA ontriution r @d g A nd hemiE lGlloying eet lloy tht is modeled y solute strengthening theoryF por omprison with theoE retil preditionsD we thus only onsider those lE loys for whih the mesured rE ontriution n e sutrted from the totl experimentl strengthD i.e. xigopegr nd xigopewn lloys t vrious temE pertures WUD WWD nd xigoD xipeD xigopeD nd xigogr lloys t T a PWQK WV @for detils see efF TIAF PR 
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pigure IIX untittive omprison etween experimentl nd theoretil yield stress versus temperture for the xigopegr @leftA nd xigopegrwn @rightA equitomi lloys WUD WWD s mesured @lk symolsA fter sutrtion of the rllEeth ontriution to the strength nd s predited y the theory @open symolsAF he dshed lines show preditions using line tension of oneEhlf the originl vlue @i.e. is redued y IGPAD showing the wek sensitivity of the model to the line tension exept t very low F redition of lloy for these lloys requires the input prmeters of the modelF Ab initio omE puted dt re not villeD nd re lso very hllenging to otin in these highlyEonentrtedD multiomponent systemsF e therefore use the simplied elstiity model of iqsF @PSA nd @PTAF wesurements of the polyrystlline elsti onE stnts @; A versus temperture @for xigopegr nd xigopegrwnA nd t room temperture @for xigoD xigopeD nd xigogrA WUD WW nd furgers vetors b re villeF he verge mist volume ¡V n of eh solute element is omputed using literE ture dt on the lttie prmeter of inry xiE @agoD grD peA f solid solutions THD IHHD IHI nd on the wider fmily of xiEgoEpeEgrEwn ries studied y u et alF WUD nd pplying egrd9s lw to the tomi volumes TIF he orresponding tomi volumes for eh element re shown in E le RD nd the mist volume of solute type n in ny lloy is then omputed s ¡V n a V n V F he line tension prmeter a H:IPQ is otined from the tomistillyEmesured edge dislotion line tension in the iew pexigr eetive mtrixD nd is lose to the oeient for elementl el VQF he dislotion ores in ries show lrge dissoiE tion distnes d > IHbD onsistent their reltively low stking fult energies p @low ab initio estiE le RX etomi volumes Vn of element n axiD goD peD gr nd wnD omputed from litterture dt on the experimentl lttie prmeters of xiE inry solid solutions for agoD pe nd gr THD IHHD IHI nd on the wider fmily of xiEgoE peEgrEwn ries WUD nd pplying egrd9s lw to the verge lloy tomi volumeF n xi go pe gr wn V n @ # e Q A IH:WR II:IP IP:HW IP:PU IP:TH mtesD nd lrge stking fult rions oserved experimentlly IHPD IHQD IHRAF he minimized prmeters of iqsF @PTA nd @PSAD f I @w c A $ H:QS nd f P @w c A $ S:U for the low temperture solution @whih is the only one relevnt for these mterils up to $ UHHuA re thus independent of the preise vlue of d or p F ith ll these inputsD the nlyti theory of iqsF @PSA nd @PTA then predits the strength verE sus temperture nd strinErte for ny lloy omE positionF pigsF IID show the predited nd meE sured lloy ontriutions lloy to the yield stress for the xigopegr nd xigopegrwn lloys over the omplete temperture rnge t " a IH Q s I F he preditions re very goodD gin with no tting pE rmetersF he xigopegr nd xigopegrwn lloy strengths re nerly identilD whih the theory tE triutes to the ompensting eets of lrger misE PS t ontriution for xigopegrwn nd lrger for xigopegrF he preditions t the lowest temperE ture @T a UUKA reD howeverD well elow the exE perimentsF his ould e due to hemilEspei ore intertions tht re sent in the elstiity modelD or to the negleted ututions due to lol struturl nd hemil disorder in ries @pperE ing in iqF @VAAF yn the other hndD pigsF IID lso show preditions using line tension prmeE ter a H:HTIPSD demonstrting tht the strength preditions re nerly independent of line tension exept t T a UUK nd thus some of the disrepE ny t T a UUK ould e due to inury of the line tensionF gomprison of prmeterEfree theory nd experiment for four other lloys @xigoD xipeD xigopeD xigogrA WV t T a PWQK re shown in pigF IPD nd gin the overll greement is very goodD with ury levels similr to those hieved in the simpler dilute inry lloys IUD IVF he theE ory lso preserves the oserved ordering of strength versus ompositionD with the ternry xigogr lloy hving the highest strengthD for instneF sn ddition to the good quntittive greeE ment with experimentsD the theory nswers mny open questions out strengthening in riesX @iA strength does not diretly depend on the numer of omponents ND nd is not neessrily mximized y the equiEtomi ompositionD @iiA the strongest nd most tempertureEinsensitive mterils re hieved y mximizing the onentrtionEweighted menEsqure mist volume quntity ndGor inresE ing the sher modulusD nd @iiiA the stking fult energy hs little inuene on strengthF hese inE sights provide sis for omputtionllyEguided design of higherEstrength mnyEomponent rndom lloysF his is disussed further elowF 6. Discussion he new strengthening model presents possiilE ities for lloy design while pointing to dditionl topis for future workF e disuss these issues hereF 6.1. Identication of promising materials rving demonstrted tht the present model is roust nd preditiveD the identition of new promising mterils eomes rehleF he full theory does not hve ny djustle prmetersY ll inputs E elsti onstntsD furgers vetorD nd the more omplex line tensionD dislotion ore strutureD nd soluteGdislotion intertions E nD in prinipleD e omputedF sf omputed from reE lile ab initio methodsD then systemti exploE rtion of ompositionl phse speD through highE throughput omputing of model inputs ompE nied y pplition of the model to predit strengthD will llow for the retion of design mps4 for new mterilsF uh n pproh is then oupled with preditions of lloy phse stility through wellE estlished thermodynmi modelingF por dilute lloysD ab initio omputtion of disloE tion ore struture nd soluteGdislotion interE tion is essile with high uryD s desried in the prtner yverview rtile PSF he line tension is omputle from either empiril potentil simuE ltions @given good intertomi potentilsA or from hpEprmeterized line tension models VQD IHSF xew lloy design n therefore e undertken sed on the full version of the strengthening model of iqsF @VAD @IPA nd @IRAF por nonEdilute lloys suh s riesD the proE lem is more omplex due to the high numer of omponents nd the hemilD struturlD nd posE sile mgneti disorder in suh mterilsF rowE everD the model hereD using n eetive mtrix mteril nd inluding rstEorder lol utuE tions round the vergeD provides forml seE lineF roperties of the eetive mtrix nd disorE PT der re hllenging for ab initio lultionsD ut tehniques suh s the irtul grystl epproximE tion TP nd the goherent otentil epproximE tion TQD TRD IHTD IHUD IHVD nd the use of peE il usi ndom strutures IHWD IIH provide diretions for progressF hiret lultions of vE erge propertiesD suh s C ij D bD ¡V n D P ¡Vn D nd p re urrently fesile @see efsF IHPD IHQA nd provide the inputs needed for pplition of the simplied elstiity modelF he preise disloE tion ore strutureD diret soluteGdislotion ore intertions U n @x i ; y j ; z k AD nd dislotion line tenE sionD re ll fr more hllengingD nd perhps proE hiitively expensiveD to omputeF roweverD wellE vlidted empiril potentils for lloysD tuned usE ing hp inputsD my llow ll model inputs to e omputed with resonle ury THD TSF he vilility of suh potentils is not suient t the present timeD howeverF husD ab initioEsed design is likely est pursued using the elstiityE sed model @iqsF @PRAE@PTAA with dislotion struE tures prmeterized y bD p nd p D nd line tension sled y b P F ithin this simpliE ed elstiity modelD higher strengths will generE lly e otined for lrger solute mist prmE eter with p of less importneF xew lloys designed using the elstiityEsed theory with omputle mteril inputs willD while not extD provide ler physil frmework for identifying promising ompositions to hieve higherEperformne riesD usteniti stinless steelsD etF 6.2. Failures of the theory he present theory hs een shown to e quntiE ttively preditive ross rnge of systemsF rowE everD s mentioned erlier in setion SD the theory fils for very dilute elEpe inry lloys strength IUF he hp omputtions for peGdislotion interE tion energies re similr toD leit slightly lrger thnD the results for elEwn IUF he mesured strengths of elEpe t pe ontents of IHESH ppm reD while smllD roughly IH times lrger thn predited y the theoryF enlysis of the hp provides no insights into the resons for this filure of the theE oryF w et alF UT nlized the spei role of the srew dislotions in these elEpe lloysD ut this ould not resolve the disrepny with the experiE mentl resultsF snvestigtions into other possile eets @eFgF intertion of pe with y or other imE puritiesD formtion of strong peEpe pirsD etF see further disussions in susetion TFTA remins to e doneF es prtil mtterD we hve t the theory to the elEpe inry response to otin tted vlE ues for ¡E b =c I=Q nd yH =c P=Q D nd hve then used these prmeters to suessively predit strengths in nominl inry lloys tht ontin pe t tens of ppm levels y treting them s ternry lloys @elEguE@peAD elEgrE@peAD ommeril elEwgE@peAAF xonethelessD the filure of the theory in this one se shows tht the strengthening mehnism enE visioned in the theory my not e pplile even when rstEpriniples hp results do not indite ny nomlous ehvior in the soluteGdislotion intertion energiesF 6.3. Contribution of screw dislocations to solute strengthening sn the present modelD the lloy strength hs een predited while fousing only on the energetis nd motion of the edge dislotionF etomisti simulE tions using iew potentils show omprle interE tion energies ndGor zeroEtemperture strengths for srew nd edge dislotions in f solid solution xiEel QV nd elEwg lloys VPD IIIF uh results nnot e expeted from usul elstiity theory deE sriing the srew pinning y modulus mist nd the edge pinning y dominnt size mistF por low solute onentrtionD the strengthening of the srew eet is lerly onsequene of the dissoition of the srew dislotion ore into hokely prtils tht eh hve edge omponentsF siF et alF QW omputed the soluteGdislotion intertions of soE lutes with sl edge nd srew dislotions in hp wgD nd found them omprle in mgnitudeF hese initil ndings re onsistent with iw oE servtions of dislotion mirostrutures in f mE terils showing them to e firly isotropi PHD i.e. hving equl proportion of edge nd srew disloE tion segmentsF he present theory does not exlude srew disloE tions from onsidertionD nd thus n e pplied to srew dislotionsF his ws niely pursued y w et alF UTD who showed tht the strengthenE ing of the srew dislotion in el ws indeed firly omprle to tht of the edgeF his result would seem surprising t rstD sine the srew dislotion hs no longErnge pressure eld to intert with the solute mist volumeF roweverD the dissoiE tion of the srew dislotion ore retes pressure eld due to the edge omponent of the prtilsF sn dditionD three other ftors re importnt in the quntittive mgnitude of the strengtheningX w c D PU D nd the eierls stressF pirstD the line tension for the srew dislotion is muh lrger thn tht for the edgeD nd this inreses the energy rriE ers for srew motion @see iqF @IPAAF eondD the srew ore is lso less dissoited thn the edge oreD nd in el we expet w c to sle with the prtil seprtion @euse the prtil seprtion is smllAD nd the strength inreses with deresE ing w c F hirdD the zeroEtemperture eierls stress of f dislotions tends to e somewht lrger thn tht of the edgeD nd this lso redues the dierene in strengthening etween edge nd srewF pull omE puttions for the srew dislotion in f el lloys UT show thtD in generlD the energy rrier ¡E b for the edge is out twie tht oserved for the srew while the zeroEtemperture ow stress yH is smller thn tht for the srew dislotionF elE though the line onnetivity of the edge nd srew should provide some verging of the individul moE ilitiesD there is no ler pproh for omining edge nd srew strengths versus temperture nd strin rteF fut with the edge strength eing lrger under most prtil onditionsD we expet the edge strengthening to ontrol the overll strengthF rowE everD further investigtions of the respetive role of edge nd srew dislotions remin of high interestF 6.4. Strengthening in other materials he model presented in the pper is lso ppliE le to interstitil solid solutions in lowEeierls stress lloysD provided the dislotion ore struture is not too strongly modied y the solute@sAF e few omE plitions riseD s suh properly enumerting ll the possile solute sitesD ounting for the interE tions etween the devitori mist strins @due toD eFgFD tetrgonl distortions generted y interstitil solutesA nd the devitori dislotion stress eldD nd ounting for the vrious orienttions of suh ongurtionsF eent work presents some nlyE sis of these issues in the ontext of rydrogen in xi IIPD ut in generl the omplitions present no theoretil or oneptul diultiesF sn mterils suh s lloysD the eierls stress of the pure mteril @or the eetive mtrix mE terilA is highF husD solutes n soften nd strengthenD nd vrious models hve een develE oped to ount for the role of solutes on the temE perture nd strinErte dependent motion of disE lotions in these mterils PHD IIQF roweverD remining within the generllyEepted kinkEpir nuletion model for srew motion in mteriE lsD the present theory points towrd nother posE sile venue for nlysis of the solute strengthE eningGsofteningD prtiulrly in nonEdilute lloysF his is topi for future workF e lso remind ourselves tht n underlying sE sumption of the present lss of models is tht soE lutes do not signintly distort the dislotion ore struture of the mtrix mteril @or eetive mE trixA VD WD IHF hen suh lrge distortions do oE urD they re ompnied y lrge redutions in the system energyD eFgF lrge soluteGdislotion inE tertion energiesF sf in ddition there re no longE rnge intertionsD the strong pinning4 pleisherE priedel models my eome opertiveF yne exmE ple of suh se is the high strengthening eet of dilute oxygen in hp titniumD wellEestlished experimentllyF u et lF IH hve reently shown tht n individul y in the very ore of the dislotion provides muh stronger pinning thn tht of the olletive eet of the surrounding soE lutes @no longErnge elsti intertionsAF eppliE tion of the lssil pleisherEpriedel model usE ing the hpEestimted prmeters provides preE ditions in the rnge of the mesured experimentl vluesD lthough the mesurements were performed in nnopillrs nd thus inlude signint pillr size eetF husD ontinued development of pointE pinning modelsD espeilly for therml tivtion nd t relisti solute onentrtionsD is vluleF 6.5. Flow stress in atomistic simulations hiret modeling of solute strengthening y woleulr hynmis @whA simultions is temptE ing ut not oviousF hiret wh simultions nE not pture the evolution of very longD wvy disE lotions @L ) c AD hving energy rrier of the order of H:UEI:IeD t typil experimentl strinE rtesF snstedD we dvote the study of single segE ments of length $ c F et this lengthD the disE lotion remins stright s it move through the eld of solutesF he orresponding theory in this se is slightly dierent ut remins nlytilF e used this pproh for model peExiEgr lloys modeled with n iew potentil IIR nd demonE strted good greement etween diret simultions nd model preditions TIF hile re must e tkenD suh studies vlidte ruil spets of the theory suh s the internl length sle w c nd vE erge ow stress versus lloy ompositionF xonethelessD numeril simultions of solute strengthening hveD howeverD led to the identiE tion of importnt trends nd understndingsF PV e lredy mentioned ove the rther ompE rle role of the srew nd edge dislotions in strengthening found in wh simultions using emE piril potentils QVD VPD IIIF he ontriution to the strength of solutes in plnes wy from the glide plne hs lso een identied through tomisti simultions in elEwg nd xiEel systems QUD QVD VPD IIID IISF his lerly estlished tht the historil pprohes tht only inluded soE lutes in the glide plne were to e revisedF purE thermoreD the spei strengthening due to solute pirs when the solute onentrtion inreses @nd with the referene tken s the pure elementl mE trixA hs een mesured QVD IISF wh simultions lso showed nite size eet in solute strengthenE ing IIID QUD IITD i.e. the dependene of the meE sured ow stress on oth the dislotion line length nd the glide distneD due to the sttistil nture of the solute ongurtionF his ws extensively studied using simplied lineEtensionEsed numeriE l models QUD IIUF hen orretly prmeterized using tomisti informtion QUD suh models reproE due wh simultions t zeroEtemperture for given dislotion length nd glide distneF roweverD the pproh remins numeril nd the therml tiE vtion is yet to e inludedF sn generlD further work to understnd the ility ndGor limittion of diret wh simultions to determine the strengths relevnt to rel mterils remins fruitful reF 6.6. Alloys with Short Range Order e strong ssumption in oth historil models nd the strengthening model presented in this pE per is the representtion of the solid solution s rndom lloyF elthough this n e good pproxE imtion for some lloys @eFgF in ries IIVAD short rnge order @yAD i.e. orreltions etween the hemil oupny of the tomi sitesD n exist in mterilsF ividene of y eets on strength hs een experimentlly demonstrted for instne in xiel f solid solution lloys IIWD IPHF es omE pred to the fully rndom seD y ets the strength in two dierent wysX modied sttistis nd existene of nonEnegligile soluteGsolute interE tionsF hese ftors n introdue dditionl softeningGstrengthening eet IIWD IPID IPPF snE lusion of y n e performed within the frmeE work of the urrent modelD in prinipleF e moreE omplex energeti model is requiredD nd ppropriE te tretment of the sttistis in the shortErngeE ordered solid solution is hllenging IPQD ut the urrent model provides the seline to inlude those eetsF 7. Summary sn this overviewD we hve summrized the extenE sive reent progress within the vushEtype wekE pinning model for solid solution strengthening for metlli lloysD ounting for multiple solutes t ritrry omposition IUD TID TVD TWF he detiled model mkes ontt with oth historil models nd reent developmentsF wost importntlyD the model provides mny insights out the physis of the strengtheningF hese insights extend to rther sutle issuesD inluding @iA identifying onditions under whih stress equivleny is upheldD @iiA proE viding ler physil origin of the oserved highE plteu4D @iiiA demonstrting whih mterils pE rmeters re the key quntities for strengtheningD @ivA the reltively unimportnt role of stking fult energyD nd @vA the role of dditionl ututions in lol solute energies due to lol hemil enviE ronmentsF epplition of the model to lowEeierls stress mterils shows its preditive pityD for oth dilute nd onentrted lloysF hese vlidE tionsD eh reveling some new feturesD open the wy for design of optimized soluteEstrengthened lE loysF he model lso provides seline to onsider shortErnge ordering eetsD interstitil solutes @if they do not modify strongly the dislotion ore strutureAD nd other rystllogrphi struturesD ll of whih will e pursued in future workF Acknowledgments upport for this work ws provided through iuE ropen eserh gounil edvned qrntD rediE tive gomputtionl wetllurgy4D ig qrnt greeE ment xoF QQWHVI E regowetF Appendix A. Role of the dislocation core structure sn the vrious pplitions shown in this pperD we hve seen tht the dislotion ore struture is importntD nd this hs een rised y other uE thors QWD UTF o study its inueneD we thus pE rmeterize the furgers vetor distriution long the glide plne y two qussin peksD eh of stndrd PW pigure eFIQX winimized dislotion struturl oeients @A f 1 @wcA for zeroEtemperture strength y0 ppering in iqF @PSAD nd @A f 2 @wcA for the energy rrier ¡E b pperE ing in iqF @PTAD vsF d the dissoition distne of n f edge dislotionD relted to SF nd isotropi elsti onstnts through the elstiity reltion d a b@PCA=@PR@I A SF AF @eFIA where x i a nb=P with n a H; ¦I; ¦P::: is the poE sition long the glide plneF etomisti studies of f dislotions in vrious mterils @elD xiD peExiE gr lloysA showed tht typil vlues rnge from I:PSb to P:SbD nd sle with b P = @R@I A p AD with p the unstle stking fult energy TIF pixing a I:SbD the dimensionless pressure eld f@x i ; y j A n then e omputedD nd the minimized quntities in rkets in iqsF @PSA nd @PTA re lE ulted versus dD s shown in pigFeFIQF ssotropi elstiity RH yields d a b P p @PCA PR@I A for n edge dislotionF hen oth gussin peks re well seprtedD i.e. when d > IHbD there re two minimum enE ergy ongurtions leding to two dierent miniE mized oeients for oth zeroEtemperture stress nd energy rrierF he rst minimized ore oefE ients in iqsF @PSA nd @PTA ssoited to yHI nd ¡E bI D re nerly independnt of dF por typil elsE ti moduliD the strength is thus independent of p for p < IHH mtGm P F he seond minimum enE ergy ongurtionD ssoited to lrger w c D with low yHP nd high ¡E bP D provides plteu4 stress relevnt only t very high temperturesD whih pE pers to e more sensitive to the ext vlue of the stking fult energy @see the former disussion on wg lloysAF por lowEtoEintermedite temperturesD the simplied theory of iqsF @PSA nd @PTA with oE eients f I @w c A 9 H:QS nd f P @w c A 9 S:U is fully analytic nd preditions require only elsti modE uliD lttie onstntsD nd mist volumes versus lE loy ompositionF his is vlid for low stking fult energy mterilsD suh s f high entropy lloysD usteniti stinless steelsD or upper lloysD for inE stneF hen d < IHb on the other hndD the two gussin peks in the furgers vetor distriution strt to overlpF he minimized ore oeients re not independnt of d nymoreD nd thus the exE t vlue of SF mtters for oth ore oeients in yH nd ¡E b D for ll the rnge of tempertureF es it n e seen in pigF eFIQD there is trnsiE tion etween regime hving two minimum energy ongurtions nd only one minimum energy onE gurtion @like in el lloysAF his simple model of two gussin peks for the furgers vetor distriution of the dissoited disE lotion llows us to understnd the ext role of the stking fult energy in prediting the strength nd its temperture evolutionF yther mthemtil expressions ould e used to prmeterize the furgE ers vetor distriutionD like the eierlsExrro deE sription PTD or disrete spredEore models IUF hey would led to the sme onlusions out the importne of the dissoition distne on the lloy strengthF VU FEF viuD tF fF edmsD pF irolessiD tF eF worirtyD iew potentil for mgnesium from quntum mehnE il foresD wodelling imulF wterF iF ingF R @QA @IWWTA PWQF VV wF qhziseidiD F eF gurtinD enlysis of dissoiE tion of hci nd hc C ai dislotions to nulete @I H " I PA twins in wgD wodelling imulF wterF iF ingF PI @SA @PHIQA HSSHHUF VW iF F uellyD F pF rosford trD heformtion hrE teristis of textured mgnesiumD rnsF eswi PRP @RA @IWTVA TSRF WH xF tnfordD wF F frnettD olute strengthening of prismti slipD sl slip nd twinning in wg nd wg{n inry lloysD sntF tF lstiity RU @PHIQA ITS { IVIF doi:http://dx.doi.org/10.1016/j.ijplas. 
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