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Mechanism of Solid Solution Softening Behavior in Four
Binary Alloys Fe-X(X=Cr, Co, Mo, W) at Low
Temperatures and Concentrations
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Technology Beijing , Beijing 100083, China)

Abstract In this study, the mechanism of the solid solution softening (SSS) behavior in four binary alloys of body-
centered cubic (bee) iron Fe-X (X=Cr, Co, Mo, W) at low temperatures and concentrations was investigated using
first-principles calculations. The SSS behavior of bee Fe at low temperatures and concentrations is controlled by the
nucleation of double kinks. The intrinsic mechanism for SSS occurs when solute atoms directly reduce the nucleation
energy barrier for the formation of double kinks. The extrinsic mechanism for SSS occurs when solute atoms reduce
the number of interstice atoms, thereby reducing the nucleation energy barrier for double kinks. We calculated the

atomic row displacement (ARD) energy and the generalized stacking fault (GSF) energy to clarify the SSS mechanism
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of the Fe-X(X=Cr, Co, Mo, W) binary alloys. The calculations showed that only Cr can slightly reduce the ARD and

GSF energies, while Co, Mo, and W all cause an increase in the ARD and GSF energies. Therefore, according to the
intrinsic mechanism of SSS, only Cr causes solid solution softening, while Co, Mo, and W all cause solid solution
strengthening. Cr, Mo, and W interact with the surrounding Fe atoms in an antiferromagnetic manner, while Co
interacts with Fe in a ferromagnetic manner. Although the ferromagnetic/antiferromagnetic interaction is somewhat
correlated with the valence electron number and electron configuration, the nucleation energy barrier is not
significantly correlated with them. Further calculations showed that there is a positive correlation between the
nucleation energy barrier and the binding energy. The binding energy between Cr and Fe weakens, thus lowering the
double kink nucleation energy barrier, while the binding energy between Co, Mo, W, and Fe strengthens, thus
increasing the double kink nucleation energy barrier. However, the binding energy did not show a significant
correlation with atomic radius or electron configuration, thus the nucleation energy barrier is not significantly
correlated with these factors either. Considering the intrinsic mechanism, the increase in the binding energy between
Co, Mo, W, and Fe causes the nucleation energy barrier for double kinks to increase, resulting in solid solution
strengthening. Therefore, the SSS behavior of the Fe-based binary alloys with Co, Mo, and W at low temperature and
low concentration cannot be explained by the intrinsic mechanism, and external mechanisms, such as the effects of
interstitial C atoms, need to be considered. On the other hand, the solid solution softening behavior of Cr may be
explained by the intrinsic mechanism.

Keywords Body-centered cubic (bee) Fe; Binary alloy; Atomic row displacement energy (ARD) ; Generalized
stacking fault energy (GSF ) ; Solid solution softening

XFT gk, g Al )y X FEEA A sRAL | AR AL | TR AR SRS SRS, S, AR
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1. Stephens ZF BT AL, —I0H 4 Fe-X(X=Cr, Co, Mo, W) R P HIFFAE— i it 1 0] B I 7ok
I 4 F ZOTE AR RIGFRIN BE AL, AT 2% BRI B 5200 ; Meneses %%} Fe-Mo {4
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Fig.1 Supercell structures adopted in atomic row displacement energy(ARD) (A) and generalized
stacking fault energy(GSF)(B) calculations
The light gray atoms represent Fe, and the dark gray atoms represent solute atoms. (A) The atomic column enclosed

by the dashed box denotes the moving column for ARD calculation, and the dashed line represents the slip plane.

Chem. J. Chinese Universities, 2024, 45(6), 20240119 20240119(3/7)



. P4 5Ky g R

I l I CHEMICAL JOURNAL OF CHINESE UNIVERSITIES ﬁﬂ:gﬂiﬁf\,i

2 HR5H

2.1 BEFITBEESHREERE

ARD fig 55 GSF g py g f - A Hh 2 4 Al an 2 (A) FN(B) FoR . BB WS SRS ERZ
7=, FriSRE AR = S B ARD 5% GSF RE, FIH BB 0 SN R T AT o245 R B shit R & . tH ARD 5
GSFREMMRE - A HIZE AT LI H, X F Cr, CootEM#84%, HARD 5 GSFRE S 4l Fe AL, 43755 %
AT, WX T Mo, WH4B4%, JLig & ARDISJE GSFRE, HaliFe flHL, 397 B MRS . KU
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Fig.2 ARD(A) and GSF(B) energy as a function of the displacement of atomic rows and slip planes

The energy is referenced to the energy with no displacement. The unit b of the displacement is the Burgers vector, a/2<111>.
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K3 It A &R RN TR T Cr, Co, Mo, W K ILIT4 Fe J5L7 1) B HEM b 732452 B (PDOS) &1 .
AU, XFF Fe-Cofl R, Co T BB S Fe R THEAZ, ZH ARSI F AR, Hik, Co5
Fe Z [ ERBEA EAE , T Fe-Cr, Fe-Mo, Fe-WKZR , & HEF Cr, Mo MW 1250 A e Fe A
K, R ABER, Ht, BT Cr, Mo F1W 5 Fe 52 [ b RERRAR EAEA . Cr, Mo FIW 3L
THIER, ColiF It Fe 22—+, AT WLEREE/ SOREA BAE R S5 M0 80 56 . MR8 SCiik [24 ]
HIBESFE . X5 T bee Fe, Hm/ S Bk A BAE IR T BT A RS R BIEBURETE . Cr, Mo, Wit
Tl T HAR AT dBUE (Cr, Mo: &5 W d)IEFE, H B A BERM I T8 BUR 2525 M o AR I 7
A, NI Fe J5iFZ A0 SCBRBEAE BAE T, 10 Co J - 1) AN AR 414, L 5 Fe i+ 2 0] Ry 8%
WEAHEAERT . 53— 07 TH, M\ A el Ak 23 2828 B2 P i ot I 115 e Dt [0] 14 JR0 B/ S SRR o vl AR Ak
W/ SRR A A T . SEFe /KR Fe BB AT Z MK 3(A)~(D)H Fe 3 AH B, Y Fe G4
IR F IR, lr 4l Fe 5T 1) PDOS TR 5 40 Fe A7 FLAURES 20 4s . BRI, X4l Fefk R, I HIE
BUOKBERLLT -1 eV M R S A, -3 eV T s as, T ABESPOKRABI AT T2y iz . Xt
T Fe-Cr, Fe-Mo, Fe-W{AZR, i1t 5 Fe Jil FIE U BRA AR, %R 709 B S5 Fe i1
AT B AT A, XA LI Cr, Mo, W H_E A B EAUAE Fe J5 T A X I8-3 eV [
A BZ P ATEMIE, T T A BES o T A4 G 8 (PR RER LA F 0~3 eV ZIMIAFTEHT R S 46 T A Jig
BOWFL AR . X Fe-ColA R, BT Co i FM M FEUE , H FATESTLTERAHETR, 5 Feli
TR USRS, I Co S5 Fe 51 Z (BN BRBEAH AR .
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Fig.3 Spin polarized PDOS of the solute atoms Cr(A), Co(B), Mo(C), W(D) and the neighboring
Fe atoms in the binary alloys

Positive and negative values represent up and down spins, respectively.

T80, Mo FI W JETF- d BB 53 518 4d T 5d, FIXTECRAEE , 5 Fe d BLIE ik, L T B ESTE Fe
JAF RS X -3 eV I A 8 2 A [ E 3(COFID) 1, Itk Mo Ml W 5 Rl i 2 A /N . Cr, Mo
AW SRS 530 -2, 10, —0. 91 F1-0. 85 w, (£ 1), B/ . Fe 5 Mo, W HIF R A4k 0] BB 5| A
BN . M Co 55 Fe R [F] 0y 3d i, HIAERBEAH B AER, JLREE Y Fe JRFRIBEEA 22 A2, I
JRSSRERE R 1. 72wy, VENXTHR, 4l Fe W Fe J5LFJa iR AE R 2. 28 p, (5 DAFERFSE —3™)), Co JEEFAU
FL—dHT, THRSEKRZ S, HRIREE S Fe 8 A LA FrRA%. o] WL, mE/ SO0 REAH 5.
VS TR 1a) st AT — A e, H S M 3 (R TR B B AR DG . SR, I 25T A% 3 22 1)
ARD 5 GSF I 54kl R BR AR EAE IR ARG, S T 2B B i - Cr, Co, Mo, W 5 Fe i
TGRS, TR T A SRR NG,

Table 1 Atomic radii, d electron count, electronic configuration, atomic magnetic moment, and local magnetic

moment of the solute atom and the nearest neibour(NN) Fe atom in the Fe-based binary alloys

Atom Fe Cr Co Mo W
Atomic radius/pm 1.26 1.29 1.25 1.40 1.41
d Electron count 6 5 7 5 4
Electronic configuration 3d%4s* 3d%4s'! 3d"4s* 4d°5s" 4d*55*
Atomic magnetic moment/j, 4 6 3 6 4
Local magnetic moment of the solute atom/,, 2.28 -2.10 1.72 -0.91 -0.85
Local magnetic moment of the NN Fe/pv,, — 2.28 2.39 2.16 2.13
23 A8
el 4 2 Z 043 4 Fe-X (X=Cr, Co, Mo, W)fAZR 540 Fe /& R Y ARD/GSF fiE 545 G AERIC R, 1

AR Al Fe (KRGS GREAS IME L. R G 32 MR F A M kT 7 %ﬁ‘éfr%, XFZouh Ak
%, HAb2 L AE K Fe, X (X=Cr, Co, Mo, W). [Hitt, Z5GREE (eV)HIHHEINT -

E=[E,(Fey,X) - 31E,(Fe) — E,(X) ] - [E,(Fe,,) — 32E,(Fe) ]
K e Ey(Fey, X) FE,(Fey,) (eV) 43518 Fey X Fl Fey, B IR RE R ; E,(X) F E,(Fe) (eV) 43514 X J5 1 F1
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Fe B FIURER . THREE5REN, Cr 5 Fe ZIR45GREMWES , 1M Co, Mo, W5 Fe Z [A]45 4 REZ MR , [F]
i), Crolie ARD 5 GSF GEMEE FEAIL, 1 Co,

i

x
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{4, Crt5 Fe 55 & U9 URES | 5 F4780 & 1 2 st .

B, Co 5 Fe 2 A MG, JELTAT 2 - Mo -
o MRS , I, 2L ARD 1 GSF A4 516- R
WIS AR B TH S, T Mo, W 5 Fe 2545 i <

EHATR AT ok T A R W1 2 3 4 s
PRI, F ARD il GSF AE i 21 k. Binding cnergy/eV

Fig. 4 ARD/GSF energy as a function of the binding

energy

RUEINETFr ik Cr 5 Fe A S8 A HAF
FRFIE RS #EES , [H Cr 5 Fe (45 5 REFF
ANEeali Fe i, X AT RBIR FARHEUERRL N Cr A% B HAT 00 3d BUiE , 1115 Fe U5 FL 3d BB AN -2
WIS, I I A RE M iR RAE RN 22 . Cr J5 71 3d BB A 2R 78 ] i 18 3 (A) 2K
AEZLLA F0~3 eV Z [l T ABES I BAAAEZS BB A WL . T Fe-Co R F , U HUBBES 515 Fe LA —
e, AL G B T2l Fe, X AT REVE T Co MY d BLIE I 0 S 630 T 220, R U g il L BB R PRI TE &2
HAL, BRI E— 2 B IR RIE T 5040 Fe 572 [0 B HLRTFERS , Cr, Mo F1W J5L 1 HRL TR (808 5%
BRI Fe JR T, MirAE Fe [R5 2 Co JR 7, NI, Fe-Cr, Fe-Mo fll Fe-W {4 2 715408 Fe
R E RIS N, T Fe-Co fR R H e 4K Fe JiF I Jm 3l e A i 55 38 K (R 1). wI 0L, fF Fe Ji
Tl Co JEF I LA RS, Co MY d FLIEIE T 3 T 40, I A5 G REm T4l Fe. 55—, Mo, W
FIZE A RE L Fe S 1E A, SXRER T SO0 REAA B VR FA BCEEAT (e b Ve, TR, JEH W R A B 5d B
AR, I ER AR B RE R RN 2, B Mo, Wi+ 5 Fe JiFZ IS S REN K.

AL, A5G Re S R R T A (R B LA DG, HS AR ATERIE 5
Fe JiL - 22 18] (R 4k i/ P Bk AR AR AR DG, DR, RVl S R A A A5 A (s A ) LA
M, Z5AREFFARZ I 5 R F LR i T4 R F A7) (B ARG, L, 253 4
) ARD, GSF B AR 2 B 5 I 7242 A e T4 (R AR Y ) Y BH B AH DG . 54k, XF Mo, WK,
W H R IR R 7ok T LUE RS I — AN R, (L H AT Bk g B R 45 5 fE
IS AR T2 AR KX I ARD, GSF RIS R BTk d7 tb . 25 Rk, Cr 5 8 [ Fe Ji 745 54855, ARD Al
GSF BBELAIG, PRI mT 5 R is s Ak, 5 oCie Mg SEAR—5, 5 SCRES R —34; 1fi Co, Mo, W T
H 5 JH ] Fe J5 1456558 , ARD FIGSF g4 i, H.Mo, W i FHE 242K, %} ARD A1 GSF BETH A
WE— 5k, H R BT A H 22 0] i ARD Fl GSF BESC e, HASETEAZ S K, MRIRARHR B R [
AL TG AAAERL ] R385 5 LRSS B A% B 22 RN 0 1 BE A T AR RS, TRIIL, A AR SCTAE, Co, Mo, W
IR IR B R 1) 1A AL T3 E 25 AN ML . B R A, IR SR, S i o J5 5 | ke [
VAL 2 A R 2 R R T I GE it o0 AT, 54K, Ghafarollahi %515 Rao 861 /33l 48 H T ¥ i
TF-HIGE T 53 A nl BESZ W o IR T S 045 A BEAE R, ¥ R F I GeiH 0 A 7E 0B 4 Fe-X (X=Cr,
Co, Mo, W)IRZR N2 A STERATI 72— 2B 5% .

3 &

%} bee Fe [ 4 Fh — 044 Fe-X (X=Cr, Co, Mo, W) I VA ALHL RIS T T X% HOWFSE . oL a5 H it
LR EW, Cr, Mo, W 55 B Fe J&F Y RARREA EAER, Co5 Fe Z B MERIEA BAERT . 88k
T/ Sk W AR B A RS540 AT — ARG, ISR S22 0N S5 TR (R TR D) B S ARG .
— TR RN, HISEER 2 S HEE S RERBIEM KRR, (L Cr 5 Fe 85 GBI, NILHISS B
IR, M Co, Mo, W5 Fe S5 5 E M, NILHIZSEH 2T R . M AREIF RIS 5248
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LR CRL T B A BT AR G, Dt , SUHATTEAZ 2 A S 140 | 78 (R T 1) W] A2 A
K. B IEPIMIEANENLE] , 7EA T R T 5 B ST oA 3 -5 A8 AR AT RS2 R B RT3 R, Co,
Mo, W51 ARD FI GSF RETH#5 , M5 LA SR AL , = Ioa SRR BT A AR At 7o ok
AENLR AR, 75 2275 8 MBI CUnalBt C IS5 AIFE D) 5 1M Cr 51 ARD R GSF REREAR, FLHIA 1L
Fr oA AT RE AR .
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