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Synopsis :

It was found by the measurements of the Snoek damping that the precipitation AIN
decreases the amount of carbon atoms in solution, in the specimens quenched from
700°C. The increase in yield strength Ac was compared with the decrease of the
amplitude independent dislocation damping, during the strain-ageing for the
commercial Al-killed and rimmed steel. It was found that the increase in yield strength
was observed only for the rimmed steel, in spite of decrease in the dislocation damping
of both steels. The phenomenon that no increase in yield strength is observed for
Al-killed steel aged for a long time, is due to the breakaway of dislocations from the
pinning points by the application of a static stress below the flow stress. This
breakaway could well be followed by the immediate increase in the damping due to the
applied stress. The damping after the immediate increase due to the applied stress
usually decreased faster than that pre-strain. This difference in the kinetics can be
explained by the Koehler-Granato-Lucke theory, on the basis of the new distribution of
the pinning lengths with longer average loop length produced by the applied stress.

The kinetics of the recovery obeys a t 1/3 ageing law rather than the more familiar t 2/3
ageing law. The recovery process obeying a t 1/3 ageing law had activation energies of
approximately 11.8 kcal/mole and 14.0 kcal/mole in the rimmed and Al-killed steel,
respectively, the values of which are from 60 to 70% of those normally associated with

bulk interstitial diffusion in a strain free lattice.
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It was found by the measurements of the Snoek damping that the precipitation AIN decreases the

amount of carbon atoms in solution, in the specimens quenched from 700°C.

The increase in yield strength do was compared with the decrease of the amplitude independent

dislocation damping, during the strain-ageing for the commercial Alkilled and rimmed steel. It was

tound that the increase in yield strength was observed cnly for the rimmed steel, in apite of decrease

in the dislocation damping of both steels.

The phenomenon that no increase in yield strength is

observed for Al-killed steel aged for a long time, is due to the breakaway of dislocations from the

pinning peints by the application of a static stress below the flow stress. This breakaway could well

be fcllowed by the immediate increase in the damping due to the applied stress.

The damping after the immediate increase due to the applied stress usually decreased faster than

that pre-strain. This difference in the kinetics can be explained by the Koehler-Granato-Lucke theory,

on the basis of the new distribution of the pinning lengths with longer average loop length produced

by the applied stress.

The kinetics of the recovery obeys a £% ageing law rather than the more familiar £ ageing law.

The recovery process obeying a ¢4 ageing law had activation energies of approximately 11.8 keal/mole

and 140 kcal/mele in the rimmed and Alkilled steel, respectively, the values of which are from B0 to

70% of those normally associated with bulk interstitial diffusion in a strain free latfice.
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#, BEM, BB 20EMEs L0 A VLM
WORRHEN TH L, Table 11 &HHOLE
%5y, Table 2 iR o AL EVATE 7 5 Vi
RN &2 int, U A Pl (R-REC) ©
SEERENE 0.018mm T, —h#HEREREEL:L
@ (R-DCN) 1% 0.020mm T 3, Al K8
(K-REC) ¢ 0.013 x 0.030mm ( C /54 x LF i)
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Table 1 Chemical compositions of ¢pecimens (wt ,"/)
e [ v e v [ s o N
R | o 021 \ 0.0019 : 0.28 ‘ 0. 003 ‘ 0. 017 0. 0393 ‘ 0 001
R-DN ‘ 0.0% | 0.0005 | 0.3 | 0.8 | 0.022 7 0001
" R-DCN | 0.001 ‘ 0.0007 | e ) T ‘ T
K 0.040 | 0.0049 | 0.3z | 0.006 | 0.020 | o. 0038 | 0.048
'ktb§ﬁ]”o.§ééﬁ\”d.ooo;‘ 0.3 | ooor |oom | ] oos2

R.. rimmed steel, R-DN.. . denitrided rimmed steel,
R-DCN...decarburised and denitrided rimmed steel,
K...Al-killed steel, K-DN...denitrided Al-killed steel.
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Table 2 Conditiens of heat treatment
Condition
Treatment RMal’ll({ P U e _ e
(R-or K- : Rimmed steel (R) ‘ Alkilled steel (K)
N - ‘ e . —
Decarburized DCN R-REC—-700°C x 30hr in wet ‘
and denitrided H;—Furnace cooled ‘
e R-REC—870°C x 10hr in dry ‘ K-REC—1 2350°C x 3hr in dry
Denitrided DN H,+CH, (little) - H,>700°Cx 3hr in dry H,+CH,
!
As received REC . As box annealed in factory As box annealed in factory
o I‘ o K-REC 600' Cx2hr in A o
L. - —600°C x 2hr in Ar
Prec’z%laitéd at PPD —Furnace cooled—200°C x 50hr
—Quenched in ice water
L | _ - i : '
Furnace cooled FC ‘ : E%‘RuErE;gO‘?OS:d%r in Ar
B | l RI;EC 685°C x 5hr in A K-REC—-710°Cx 5hr in A
. I - —685°C x 5hr in Ar - —710°C x Bhr in Ar
Air cooled ; AC ‘ -+Air cooled —Air cooled
)
! ‘ |
Q hed R-REC—600°C x 5hr in Ar K-REC—600°C x 5hr in Ar
uenche Q —Quenched in ice water —Quenched in ice water
13.37—log fo=4193.95/Tp--------- - (1) R THIEILEEAVE S B\ L 5T Ui, TR
13.48—log fu=4016.64/Ton------ - (2) HOWTMERYIET HE, S 3RACHE

2 Tre, Ten 28, KA
Q' =Q 'max.c-sech { (Eo/R) (1/T—1/Tec))
+ @ max.n-sech [(Ex/RY(1/T
1 Tpn)} e (3)
Ee, Exn: C, N Ofi#roiEEilb=+1 ¥~

CRELHETHQ 'nax.cs @ lmary AW,
SRR L 2RI HOBEM do DRELS
‘il — F 27 7 a2 AT, 0.8x10%120mm &
i HA A, 2.0%x107 sec ! DM (6) TIO
%OFEXYERTE L, TIREXFCLELE
TR ¥ 720t 80°C x 40min O AL, H5l
K L& & ORRIEHDHEM do 2 HIE LI,
do DEHILFig. 1DL B THD, BRI LD
HETEROBIT I IRGE OB Hv, BRI
Hom do #RE LA L X LABRORHY,
Bl&ETI0% 03 E FEYE2, KX 100mm
Il LA Lice AR 2518 Y RBES LI
FL, LBz L5FETCYIATAATAI—

H 5 MBS &, 2 v 7 v+ —BIRIREIA R
TREB A E L AR, I LAy EiRE
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Fig. 1 Schematic stress-strain curve for a
pre-strain, age and retest sequence
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Fig. 10 Recovery of amplitude independent damping at room

temperature as a function of time after deformation,
for both as-received specimens and seven groups of
specimens having different dissolved solute contents.
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Table 3 Mechanical properties with strain-ageing index of as-received specimens and seven
groups of specimens which contain various amount of dissolved carbon and nitrogen
MﬁWSample mark U*Yis ' ”‘I-_-Y-é'-llég/ﬁ;rﬁr ‘ YEL or 10% dr;u """ 1 day. ‘ daf_
kg/mm? | max. | min. | % | kg/mme | kg/mm® | kg/mm* | ke/mm?
= beN | o7e | - | o7a | o1 | ama | 0o o0 | o
E ~ REC \ a3 ‘ 24 | 2.2 | a0 | 974 | 65 | 45 ‘ 3.6
£ ac |z | 2o | 2ma | 36 | o7 | s | sz N 4.3
& q \23 8 *l 21 | =8 | 32 32.1 _"" 6.2 | 62 ‘ 4.3
R REC . 7‘A20M7‘ 7 26.5 1 20.4 ! 2.6 27.9 ‘ 0 *] ] ‘ ] o
g ~ pPD T 22.5 ‘Ahzz.s | 2.3 | 3z | 2.7 | L5 | o9 \ 0.5
3 FC | 20% a1z | 20.8 | 3.4 |z | 23 | 16 | 0.9
é AC | 210 ‘ 2.7 ‘ 22.2 ‘ 3.4 ‘ 28.6 | 4.6 42 | 4.1
Q | 23.6 ‘,_ 23.4 EESN TR 31.6 | 59 5.9 | 4.3
o Note ' o

+ Strain rate

+ Test temperature

+ Ageing condition

2% 1074/sec

20°C

80°C x 40min

Y¢Stress when plastic
deformation started

V10% T Fsbt % flow stress (o) i+ 28
fHhka ) (o) otk (ofo) T, Al +1 VH
DI E, =R 200mino e & ¢ flow stressod

Al-killed steel
u Aged for 200min at rt.
® Aged for 10*min at r.t.
& Aged for 1.3%10'min at r.t.
© Aged for 10'min at r.t. then
660min at 100°C

Rimmed steel
4 Aged for T0min at r.t.
o Aged for 150min at r.t.
0 Aged for 10Pmin at r.t.
o Aged for I0'min at r.t.

HoxgsoBitmEs 0.25 o LFiT3)
Bh g 5L RERIIOS FEAEROE TR
T4, ORI EGCTEMREDEY 0.50 o
0.75 o5, or FWIERHLTCLAPESL LT
flow stress # B L ¥t
WA EATERLENC LR T 5, FEBYY

—EDfEx IR T,

= oy =
=) = by

=2
£
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o
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Ageing time (not to scale)

11 Schematic represtentation of defor-

mation, ageing and reload sequence
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Fig. 12 The rate of increase in dislocation

damping (b/a), as a function of the
applied stress ratio (o/er) after
various ageing times. a is the damp-
ing value decaying till reload after
deformation and b, the damping
value increased immediately after
appling stress. ¢ is applied stress
and gr, flow stress
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Fig. 14 Amplitude independent damping of as-received rimmed specimens, as a
function of time after the immediate increase due to the static stress,
which was applied to specimen aged for 70 min at room temperature
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Fig. 16 Comparison of the damping curves after the immediate increase and
the curve after prestrain in Fig. 14, where curve A and B are the
damping changes after the immediate increase due to the applied
stress, 0.25 ¢ and 0.50 or, respectively. Curve A and B are replotted
as a function of time starting from arrow ¢y and ts, respectively.
Each arrow £i1 and fs represents the ageing time corresponding to
the value on the damping curve after prestrain equal to the value
obtained by extrapolating the damping curves after the immediate
increase to zero time
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Table 4 Relation between B and L., according
to equation(19), B (g/sec-cm),Lo{cm),

TEE (¢=0) o VRN GBI Ly, QML
fob 5 ((=10'min) DFHEE AR L DHER

A(cm/cm“) o
st e 20, ASEEOEMESL Lo tEHIRD,
\\ cm/cm
[ 1.0x10" ' 5.0% 101" 3.3 10! Lo=0.7611 Ly e (20)
L:](Cm e ‘ ! .
1><10 . ‘ ‘ | 1.48% 10" Lo=0.7928 L, v oD
2><10' \ 9.94% 10" J‘ 1.85% 10" I 2 79)(10_ L.=0.6532 Lo oo (22
- ) T LB 2 b o) - : b
3)(]_0 5 !‘ 1.82%x 107! } 3. 55)(1() ﬁikuqzﬁ?@ﬁﬂ’.fﬂ&wfﬂ L&. C, \NL—J: Z)@%J'\\Faﬁ
PR R © B Lo La xRN, KRAVCH 0
5><105 ‘236><10‘ 473X103|717X10‘
- L/L=1/LcH 1Ly e (93)

7><].0 5 ‘ 6 16x107% | 1. 23><10"’! 187X10 '

4. 51><10 ‘| 683><10

?ﬁ@]%,‘lirﬁiﬁ Ln- Lp, L. e, C, NiTks

‘E‘L’, | zmxa0 1% SR Loos Loos Lac Lic 7VRE Bo D
HEEES 4 Table 5 a7,
cm?, 3x10%em/em® ™ L gL B L Lo 0 E W OMIHERVA~EE > T ARTH n,
"x,kéb & Tabled iz#cn, “hi CoERESE Mo, FAFILZT 4 F TIZEE » LT me, #dd
LA e, Bokxxe LT10°~10"(dyn-sec- wAW L bR TE D,
cmf"”'“'“’) OEA, miaERE Ly & LTH 10 Mo Af Log o (24)
cm PEETH D, Bp=AfLpc (25)
4-4-2 E‘[ﬁ«ﬁi% C, Nﬁ%ﬁ anAquC .................................... (26)
a-Fe 084, B Dt b EoTHETC & o= Af L v (27)
WO, NECLREAEHKIFLAWY LubhT  Zofif Table 6 Ty,
Vh, S CHBmOER B, 2, CRETRET
Lk, Al ¥ FEOBRL RS (=13
x 10'min) o FHREELER Lo &V A FEOM
Table b Values of Loc, Lp, Lpc, Lq, Lqc, Ly and Lo for five different values of Lo (cm)
Lo | zx0® | maet | sxior | 7xa00 | exi0
Lag ‘ 2.53x107° i 4.31%107° 1.02x107* ‘ 2.28x 107 ‘ 9 01X 10
Ly | nszxioc | 2.28x107 3.81x10° | 5.33x10° 6.85% 10
Loc ‘ 1.80x10 | 2.96x10° | 6.14x10° | 114x107 2.17x10™
Lq ‘ 1.59%107° i 2.38x107° \ 3.96x10°° 5.5H % 10'5 . 7.14% 107
Lqc | 1.88x 1077 3.12x107 6.57 X107 1. 25><10 1 zagxa07
Ly I 1.31><10" | 1.96x10° 3.27x107° 4. 57><10 3 5.88x107%
Lo | 1.50% 10" | 24ax10° 4.85% 107 8.42x 10" 1.43% 1074
Lo . Average loop length of as-received Al-killed steel at ¢=0
Lp.. That of as-received Al-killed steel at t=1.3x 10* min
L,y ... That of as-received rimmed steel at =0
L. . That of as-received rimmed steel at t=1x 10* min
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Table 6 The number of pinning points, #,, #p, #q and x: for three
different values of A and five different values of L, (point/cm?)
s 5 S [ _ _ e
T ‘ 2x10°° 3x107° | 5x10°* 7x10°F gx107®
o | aonxaon } 2.31%10% ! LO3XI0% | 4.28x10% | 1.13x10"
————— | P — ! —
Mp [ 5.57x1p ‘ 3.38x% 10" ‘ 1.63 % 10" 1 8.77x10" ‘ 4.60x10"
A=1.0x10" em/em? |———— —.. . S . . ! _
1q I 5,31 x 10" ‘ 3.20x 10" | 1.52x 10% ‘ 8.02x 10" 4.02x10"%
e | 6.65x 10 ‘ 4.10x 10" ! 2.06x 10" ‘ 1.19% 104 ‘ 7.01x10"
o ‘ zwxm”‘ 1.21x10% &Mxm“‘ zmxm“| 5.61x10"
#p zmxw”‘ 1.69x% 10'* &wa“‘ L%xw“‘ 2.30 % 10"
A=5.0x10" cm/cm? . — — [ B
nq 2.65x 10" ‘ 1.60x 10" [ 7.60x 101 ‘ 4.01x 10 | 2.00x 10"
. - | d I—
| nr § 3.33x10% l 2.05x 108 I 1.03x 104 | 5.94 % 104 ‘ 3.51 x 10
Mo 1 1.32x10' ‘ 7.68 % 10" 3.28x10' ‘ 1.41 x 10*° ‘ 3.71x 10"
Hp 1 1.84x% 10 ‘ 1.12x 10 5.37x10% i 2,89 x 10% 1.52x10%
A=3,3x10" cm/cm?® : |
Hq 1.75 % 10' ‘ 1.06x 10" ‘ 5.01 x 10! ‘ 2.65x 10" 1.32x 15"
ne 2.20x10* | 1.35x10* ‘ 6.80 % 10" ‘ 3.92x 10" 2.31= 10"
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