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{1} The flow data of f (stress) and 3§ (strain rate) for Fe and Ti alloys were plotted in the form of £ vs. -In § by using the
literature values, (2) The plot showed two distinct patterns A and B; Pattern A is 2 straight line with a negative slope, and
Pattern B is a curve of concave upward. (3) According to Kim and Ree’s generalized theory of plastic deformation, pattern
A & B belong to Case 1 and 2, respectively; in Case 1, only one kind of flow units acts in the deformatior, and in Casg 2,
two kinds flow units act, and stress is expressed by f=X3/1+ X2 /2 where f) and /3 are the stresses acting on the flow
units of kind 1 and 2, respectively, and X;, X2 are the fractions of the surface area occupied by the two kinds of flow
units; f,=(l/a;} sinh™ 8;§ (j=1 or 2), where 1/a; and B, are proportional to the shear modulus and relaxation time, res-
pectively. (4) We found that grain-boundary flow units only act in the deformation of Fe and Ti alloys whereas dislocation
fiow units do not show any appreciable contribution. (5) The deformations of Fe and Ti alloys belong generally to pat-
tern A (Case 1) and B{(Case 2}, respectively. (6) By applying the eguations, f =( /) sinh™ (8,15) and f=(X/a,) sivh
(B8 H(X polegs) sinh™! (Be26) to the flow data of Fe and Ti alloys, the paramstric values of x,;fe;; and By (j=1 or 2)
were determined, here the subscript g signifies a grain-boundary flow unit. (7) From the values of (8;,)"1 at different
temperatures, the activation enthalpy 4H,;* of deformation due to flow unit g/ was determined, (8;;)~! being propertional
to k,;, the jumping frequency (the rate constant) of flow unit gj. The 4H ;" agreed very well with 4H ;* (self -diff) of the
element j whose diffusion in the sample is a critical step for the deformation as propossd by Kim-Ree’s theory (Refer to
Tables 3 and 4). (8) The fact, 4H ~=4H ;* (self-diff), justifies the Kim-Rec thecry and their method for determining
activation enthalpies for deformation. (9) A linear relatior between 8~! and carbon content [C] in hot-rolled steel was
observed, i.e., In §71=—50.2[C]— 40.3. This equation explains very well the experimental facts observed with regard
to the deformation of hot-rolled steel.

1. Introduction

It may be said that the Nabarro-Herring theory! of lattice
diffusion and Coble’s grain boundary diffusion theory® are
the representatives among many theories of plastic deforma-
tion in the literature. The Raj and Ashby equation® is an
equation which was developed from Nabarro-Herring theory.
But, all these theories are applicable in a limited stress region
only. Thus, in order to describe plastic deformation in a wide

*Based on the work performed by J. H. Kim in partial fulfilment
of the requirement of the degree of Master of Science at the
Department of Chemistry, Korea Advaned Institute of Science
and Technology, Seoul 131, Korea.

range of stress, a phenomenological equation was proposed.*
However, it includes many parameters which are lack of phy-
sical meanings.

In this study, the Kim-Rec generaiized theory of plastic
deformation®8 is applied to Fe and Ti alloys. This theory
is an extension of the Ree-Eyting theory of viscous flow,%10
and has an advantage to describe plastic deformation in a
wide range of stress, in addition, the physical meanings of
the parameter in the equations are clear.

The activation enthalpies 4H* for the plastic deformation
have been calculated from Kim—Ree’s theory, and they have
been compared with the activation enthalpies of self-diffusion
BHZ,5-airc Of the elements in the alloys. It has been found
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that the 4H*'s are in good agreement withdH™, g
of elements which play an important role in plastic deforma-
tion. This fact accords with the mechanism of plastic de-
formation proposed by Kim and Ree®® as well as many
other authors.!-21* However, the activation enthalpies
calculated from classical theories in the literature are generally
very different from the 4H* y_an of the elements, in
addition, the values of 4H™* vary with applied stresses, and
are different according to investigators as will be pointed out
[ater.

In this study, the parametric values of the flow equations
which were quoted from the Kim-Ree theory have been
determined. And, it has been shown that these values are
very satisfactory to describe the cxperimental data of
deformation.

These results mentioned above will be reported in this
paper, and will be discussed in detail to justify the Kim-Ree
thory of plastic deformation.

2. Theory

2.1 Flow Equations

The Ree-Eyring theory!? treated plastic deformation
by using a mechanical model composed of dislocation Max-
well flow units connected in paraliel, Hahn, Ree and Eyring!
incorporated a model which is composed of a dislocation
Maxwell flow unit connected in series with a grain-boundary
Maxwell flow unit, and explained very successfully the
plastic deformation of Yule marble. Kim and Ree®™® gener-
alized these theories, and proposed a mechanical model which
is composed of a series of dislocation Maxwell flow units
connected in parallel and another series of grain-boundary
Maxwel! flow units which are also connected in parallel,
and the two series of flow units are connected in series. From
the Kim-Ree model, many cases for plastic deformation are
generated by combining various dislocation flow units with
various grain-boundary units. In practice, however, four
cases are very important, and Kim~Ree’s theory was success-
fully applied by using these four cases.

Among the four cases of the Kim-Ree theory, only Case |
and Case 2 will be briefly reviewed here since the two cases
are important in the present paper. We have also found that
in the present case, dislocation flow units do not appear;
only the grain-boundary movement will be considered here.

Case 1. In this case, only one kind of grain-boundary flow
units is acting. Stress £ and strain rate § of the flow units are
represented by the following equations:

f=Xnfa= XeL sinh™! 845 )
¢ 23]
and
§=—L siah XS )
gl

where the subscript g1 represents the grain-boundary flow
unit of kind | on a grain-boundary surface. Thus, fg; ex-
presses the stress acting on flow units g1, and Xy shows
the fraction of the area occupied by flow units g1 on the
surface, X, being unity since there is only one kind {g1) of
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flow units on the surface. Note: X+ X+ Xg=1. In
Egs. (1) and (2),

and
pa={(5-2%)n]” @

where 2, 4), 2, and A; are the molecular parameters appear-
ing in Eyring’s flow equation,!* £’ is the jumping frequency
(rate constant) of a flow unit, and the subscript g1 outside
parentheses represents the quantity inside parentheses be-
longs to flow unit g1. Speaking of the physical meanings of
ag and B, the (a,)! is the intrinsic shear modulus of
flow unit g1 and 8, the intrinsic relaxation time of flow
unit g1.

Case 2. In this case, all flow units are connected in parallel,
When two kinds of grain-boundary flow units act, the flow
equation is represented by the following equations:

fz_%l_sinh*l B+ i £2 sinh™? fips 5)
22
and
s=—1 sinha, f
- g1/ gl
el
:Figsinh tpaf g2 ©)

where Eqs. (5) and (6} follow from a principle which applies
to flow units connected in parallel,’-ie., f=3;X,.f ;and
§=$;, where j=1, 2 ...n.

By applying Eqs. (1) and (2) for Case 1 and Eqs. (5) and (6)
for Case 2 to experimental flow curves (f vs. §) of the respec-
tive cases, the parameters X ;/a,; and §,; (j=1 or 2)are de-
termined. Concerning the method for determining these
flow parameters, reference is made to Kim and Ree’s paper.®

2.2 Caiculation of Activation Enthalpies

In Kim and Ree's theory,5 78 the activation enthalpies for
plastic deformation is calculated from the following equation:

in (81 =—2He” T+ 4, @)

where, Eq. (7) is derived from Eq. (4), and A4,; is a constant.
The plot of In (8;;)"t vs. 1T according to Eq, (7) yields a
straight line whose slope is —4H %/ R. So,from the slope,the
activation enthalpy of the gj flow unit, 45 .;%,can be obtaired.

3. Applications

3.1 Iron Alloys

(1) Fe-125Cr-045Mo Steel. Viswanathan!® examined
the creep behavior of Fe-1.25Cr-0.45Mo steel at various
temperatures, The composition of this alloys is: Fe(base),
Cr(1.3 %), Mo(0.45 %), Mn{0.63 %)., Si(0.45 %), C(0.16 %),
and traces of S, N, O, Sb and Sn. By applying Eq.
(1) to the flow curves of the Fe alloy, the parameters
Xalag (Xp=1) and B, were determined,
tabulated in Table 1.

The experimental datal® of f vs. -In § and the theoretical
curves which were calculated from Eq. (1) by using the para-

and are
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TABLE 1: Flcw Parameters for Several Fe Alloys®

Samples X gifag? 8/} ;I:%'n;p. Fig.
Fe-1.25Cr-~-0.45Mo 34,42 (MN/m?) 2.803<105 ¢hr) 538 Fig. 1
28.71 (MN/m?) 6.74 X104 (hr) 565
26.14 (MN/m?2) 4.07 %104 (hr) 579
21,56 (MN/m:2) 2.58 % 10¢ (hr) 593
19.06 (MN/m?) 7.49 163 (hr) 620
Fe-26Cr—6.5Ni 205 (kg/mm?) 2.27X10! (min) 900 Fig. 2
{In 744) (1.82x 1071 (kg/mm?) (3.28 ¢ 10%) (min)
1.96 (kg/mm?} 1.06 X 10! {min) 960
(1.67 <1071 (kgfmm?) {9.69 X 10%) (min)
1.96 (kgfmm?) 6.67 (min) 1020
(1.57 X 1077) (kg/mm?) (3.01 X 10% (min)
Type 304 23.75 (Mpa®) 5.136 X 10° (sec) 600 Fig. 3
stainless stecl 20.50 (Mpa) 8.273 <108 (sec) 650
17.76 (Mpa) 1.445X 108 {sec) 700
X5CrNiTi26.6 14.53 (Nfmm?) 4.48 X102 (min) 875 Fig. 4
13.53 (N/mm?) 1.853 102 (min) 925
12.20 (N/mm?) 8.60 X 10! (min) 975
Ductile Cast iron 2.23 (kg/mm?) 4.40 X 103 (min) 650 Fig. §
Mis 1,93 (kgfmm?) 2.13X108 (min) 700
1.57 (kg/fmm?) 1.26 X103 {min) 748
Ductile cast iron 1.31 (kg/mm?) 1.13X 103 (min) 700 Fig. 6
M10 1.22 (kgfmm?) 6.52x108 (min) 748
1.12 (kefmm?) 4.50 X103 (min) 730
Hot-rolled steet
0.82¢ 142> 103 (psi} 2.55X10% (sec) 25 Fig. 7
0.70 1.45% 103 (psi) 4.28 X 10% (sec) 25
0.58 £.44 X 103 (psi) 1.91 X10% (sec) 25
047 1.42<108 (psi) 2.58 % 1028 {sec) 25
0.32 1.44>10% (psi) 6.26 X 108 (sec) 25
0.19 1.41 %X 108 (psi} 3.88 X102 (sec) 25

o Unparenthesized parametric values represent the values for flow unit g1 and parenthesized ones for fiow unit g2. 4 Subscript j indicates flow

wnits 1 or 2. ¢ MPa=10% Pa=10% N/m2. 4Carbon content (wt. %)

Fe—125Cr— 0.45Mo

'/

stress x 1072 (Mnym?)
e

N

applying Eq. (7) to the experimental curves
tn Figure 1, the activation enthalpy for de-
formation was obtained as 4H ;;*=61.4 kcal/
g-atom, which is in a good agreement with
the activation enthalpy for self-diffusion of
Fe. (See Table 3 inthe Discussion.) Based
on this fact (refer to the Discussion) and on
the Viswanathan's fracture observation,’® we
considered that the deformation is caused
by the boundary flow units g1.

(2) Duplex Stainless Steel {In 744). The

—1In $ {nr'™"

Figure 1. Stress vs. —in$ in the creep test of Fe-1.26Cr-0.45Mo steel at

temperatures from 538 to 620 °C.

meters in Table 1 are shown in Figure 1. The pattera of the
curves in Figure 1 belongs to Case 1 which has only one
kind of flow units.

After creep test, Viswanathan®® observed that fracture
occured within the grain in high stress levels, but in low
stress levels, the Ffracture occurcd at the grain boundary.
Here high levels signify the stress above 250 MN/m?®. By

R I R S

composition of commercial In 744 stainless
steel is: Fe(base), Cr{26 %) and Ni (6.5 %).
Smith ot af.1¥ obtained the relationships of
fvs. —In § at three (est temperatures. The
specimen was flat (width 1 cm, thickness
0.1 cm) and its grain size was about 12 g after anealing,

The experimental data, obtained by Smith er a8 and
the theoretical curves, which were calculated from Eq. (5)
by using the parameters in Table 1, are shown in Figure 2.
The theorctical curves are in good agreement with experi—
mental data. In Figurc 2, the pattern of alf the flow curves
belengs to Case 2 (the parallel connection of GBI and GB2).
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TABLE 2: Flow Parameters for Ti-6A1-4V Alloy’

Alloys X, {a, (psi) a, Hsec) T(SQ)P- Fig.
Ti-6AI-4V 3.8 10° 332X 108 800 Fig. 9
2.31 X103 (8.52X10%)
1.89 X 10° 1.89x 108 900
(6.34x102) (193X 10%)
1,53 10° 1.56 % 108 950
(2.36X102) (9.88 X 10%)
4.15%10% 4.72X10? 990
(1.88x102) (2.58 X105
487X10? 4.55X102 1000
(1.61x102) {2.33X105)
Ti-5A1-2.58n 3.64% 108 95710 700 Fig. 10
(3.05X109) (G.73x 105
421%10° 4.95%10° 750
(1.95X10%) (2.54 X105
360108 1.64 % 10° 800
(1.82X109) (1.70 X 105)
223X 108 6.28X 102 900
(1.32X10%) (9.30X 10%)
324X 102 6.50 102 1045
(140X 109) (179X 10%)
3.00% 109) 6.15X 102 1055
(1.26X102) (161 X105
Ti~0.208i—0.170, 1.53 (H bar) 3.29% 105 (hr) 450 Fig. 11
1.21 (H bar) 1.20 X 105 (hr) 500
0.845 (H bar) 2.37%10% (hr) 550

* Unparenthesized parametric values represent the values for flow wnit

indicates flow unit 1 or 2.

So, all the flow units are the grain-boundary movement type.

By observation of the microstructure, Smith ez al'6 re-
ported that the mechanism of plastic deformation of this
alloy is grain boundary sliding in support of our conclusion.

Activation enthalpies, obtained from the flow curves in
Figure 2, are shown in Table 3 in the Discussion. The nature
of the two kinds of flow units will be made clear later in the
Discussion.

(3) Type 304 Stainless Steel. Chopra et al..17 studied the
creep behavior of Type 304 stainless steel at elevated temper-
atures. The specimen was a flat sample (length 2.22 cm, width
0.599 cm, thickness 0.038 or 0,127 cm) and its grain size was
about 25z, The composition of this alloy was: Fe (base),
Cr (18 to 20 %), Ni (8 to 10.5 %), Mn (max 2 %)), traces
of 8i, C, S and P.

The experimental datal? of / vs. —In § are plotted in Figure
3. The parameters for the flow curves of this alloy are given
in Table 1, from which the theoretical curves were caiculat-
ed from Eq. (1), and are shown in Figure 3. The latter shows
that the pattern of the flow curves belongs to Case 1.

Chopra et al.l7 observed that the grains did not change
measurably in the length-to-width ratio within the overall
deformation range of the specimen. From this observation,
the flow mechanism is expected to be grain boundary move-
ment.

The activation enthalpies for deformation, obtained from
the slope of the plot of In §~1vs. /T, are shown in Table 3
in the Discussion.

£1, and parenthesized ones for flow unit g2. * The subscript s

lO} Fe-26Cr-G5Ni (In 744)
8.
—— Theory
& cse Expt.
Lot 900°c p
<
= 6C
2%
g__’ 102dc
wol
o R e
=t (6] I b 3 4 I 7 8 9 10

[ .5
=Ins (min)

Figure 2. Stress vs. -In § for Fe-26Cr-6.5Ni (in 744} alloy
at 900, 960 and 1020 °C.

(4)Sreel X5CrNiTi26. 6. Hildebrand er . .18 studied the
plastic deformation of steel X5CrNiTi26.6 the composition
of which is: Fe(base), Cr(25.5 %), Ni(6.28 %), Mn(0.68%),
Ti(0.32 %), traces of Si, P, S, Al, Cu and N.

The experimental data'® of tensile test for these specimens
are plotted in Figure 4, and theoretical curves which were
obtained by introducing the flow parameters (Table 1) into
Eq. (1) are also shown in Figure 4.

In Figure 4, all the flow curves belong to Case 1, f.e., only
one kind of flow units is acting. It is expected that the type
of flow units in this case would be a grain boundary move-
ment type, because, according to microstructural observa-
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TABLE 3: 4H,;* Vales for Fe Alloys’

Jae Hyun Kim, Taikyue Ree and Chang Hong Kim

Samples AH ;¥ (kecal/g-atom) Range of temp.(°C) Ref.
Fe-1.25Cr-0.45Mo 61.4 L4H 4~ (Fell 538-620 This work
Fe-26Cr-6.5Ni NA[LH " ( ) a00-1020 This work

(In 744) 60.4 [4H 2~ (Fe)

Type 304 stainless stecl 60.2 [4H .1~ (Fe)] 600-700 This work

XS5Cr NiTi26.6 47.1 [AH 1" (C1)] 875-975 This work

55Fe in y-iron A5 _gier: 640 900-1200 Boksttein et al. 2
85Fe in a-iron dH gt 60.0 700-790 Buffington er al?
S5Fe in a-iron AH"ge_aug: 60.7 638-768 James et al.®
51C¢ in Fe-26.0Cr AH = _qii: 485 950-1275 Paxton ef al.%®
Ductile cast iron M15 24.1 [4H 4" (Q)] 650-748 This work
Ductile cast iron M10 23.5 [4H 47 (C)] 700-780 This work

HC in a-iron AH i 246 500-800 Gruzin ef al. %

4 AH % and 4H 2" represent activation enthalpies for fow units gl and £2, respectively. The expected diffusing aloros are given in parentheses.

Type 304 Stainless Steel

10/ S
600 °C
_\\\ Theory
25l ~__ ) so.aExpt
—_ \\\\
S “~_650°C o
a 20} - el
L) £ ‘\'\ >
§ A\}\ aoa ~ BN
= e T ™~
& 1.0 \\ e, N
— \.\’Yk
o N
0.5] L 1 L L L~ e ‘\ 1
1] 2 13 14 15 16 17 18 2
~In s {sec’)

Figure 3. Stress vs. —In $ in the creep test of type 304
stainless steel at 600, 650 and 700 °C.

tion'® of Hildebrand ef af., the microstructure of specimens
did not change significantly after tensile test.

The activation enthalpy, obtained from the flow curves,
are shown in a later table (Tabk: 3).

(5) Ductile Cast Iron. Tanaka et al.l® studied the tensile
deformation of ductile cast irons which are named as MI5
and M10, The specimens were cylinders (diameler 5 mm,
length 25mm) with a very fine microstruclure.  The
composition of the MI1S alloy is: Fe (bhase), C(3.2 %), Si
(1.95 %) and Mn (1.42 %), and that of the M0 alloy is:
Fe(base), C(3.08 %), Si(1.84%) and Mn(0.927;). each alloy
having traces of P, S and Mg.

Experintental data of f'vs. ~In § for M 15 and MI10 are shown
in Figures 5 and 6, respectively, The flow curves show that
they belong to Case 1, i.e., only one kind of flow units acts
in the deformation. In Figures 5 and 6, the sotid lines are
theoretical curves calculated by introducing the flow para-
meters in Table 1 into Eq. (I}

According to microscopic observations of Tanaka et al?
the grain size of M0 after tensile test increased very little,
and that of M5 remained the same. Thus the flow unit for
deformation of these alloy is considered 1o be a grain
boundary movement type.

Activation enthalpies calculated from the experimental
data 2re shown in Table 3 in the Discussion.
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a
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- 6t ~ s \
L2 d ~
» o \"\
@ acb * e
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A . ™
?o_ & J\\
~.on
! I 1:‘\\
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= 5] | N S S 5
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Figure 4. Stiess vs. —In § for X5CrNiTi26.6 steel at 857, 929
and 976 °C,
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Figure 5. Stress vs. —In § for ductile cast iron {M15} at 650,
700 and 748°C. The phase of M15 is a+ 5-+cementite.

(6) Carboit Content Dependence of 3 in Hot-Rolled Steel,
Davis of a2 studied the tensile deformation of hot-rolled
steel at room temyperature, the composition of the specimen
being: Fe(base). Mn(average 0.75 %) and carbon {(varted
from 0.19 to 0.82 %, Figure 7).
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Dctile Cassiron {(MIO

2'- o
. - . ——Theory
A T > n v Expt,
L. . \: i B
-.g 8y \-»\\U -
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= s
o ¢ 0 700 °C
a © 748 °C
3 v 780 °C
4}F
2 ) 2 3 2 5 3 7
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Figure 6. Stress vs. —In $ for ductile cast iron (Mi0) at
700, 748 and 780 °C, The phase of M10 is ¥4 cementite.
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In Figare 8, the plot of In 87! vs. [C] yields a straight line.
Its slope and intercept are determined by a least square
method. Thus, the straight line is expressed by

In §~1=—50.2[C]—-40.3 (3)

where [C] is in units of weight percentage of C, and 8 in sec™.
According to Eq. (8), 8 increases rapidiy with [C). Thus,
in accordance with Eq. (1), the deformation of high [C] steel
requires higher stress than low [C] steel at any constant § as
shown in Figure 7.
3.2, Titanium Alloys
(1) Ti-6A4{-4V Alloy. Lee et al?* studied the tensile
deformation of Ti-6A1-4V alloy [Ti(base), Al(6 %), V(4 %]
at various temperatures. The experimental data®® of f vs.
-In § and theoretical curves calculated from Eq. (5) by/s
using the parameters in Table 2 are shown in Figure 9./m
In the inset of Figure 9, are shown the flow
curves at 800 to 950°C when the sample
exists as an « phase, At 990 and 1000 °C,

| 40F Hot-Rolled Carbon Steeis the phase is changed to § while it is a mixed
g Theory a+ f phase at 980 °C. The experimental flow
lott @ cav Expt. curves for these phases are also shown in
e M : 3 Figure 9. All the flow curves belong to
%100 -, a g‘ 2028 Case 2 in whicfl two types of grain
@ . \\;\ v 0: jhos boundary flow units appear.
s | T — o = °_ 0. 40C The microstructural observation?! of the
‘5_380"""\ ’L\T\v\\ specimen showed that no change in grain
) ] v i — 0.3€ size occured before and after tensile defor-
60 0. 19C mation. This fact accord with our assump-
tion that the type of flow units belong to

W—p——5—=5"6 2 4 6 8
—1tné {sech)

Figure 7. Stress vs. —In § for hot—rolled carbon steel with carbon contents

varying from 0.19 to 0.82 weight percent at 25 °C.

warbon Conlent va in 57
{Hot-Rolled Carbon Steels)
~50F e
\\\‘

_ 80r \\\
k= —

._?O_ \‘o\\\:

o
—8of
L}\

L i i

of 02 03 04 05 08 07 08
G {wt %)
Figure 8. In 57 1vs. catbon contents in the hot-rolled
carbon steel. The quantity 571 is proportional to jumping
frequency {rate constant} of a flow unit.

The theoretical curves of f vs. —In § which were calculated
by introducing the parameters in Table 1 into Eq. (i) are
compared with the experimental data® in Figure 7. And
the relationship of In 8~ vs. carbon content [C] are plotted
in Figure 8.

10 grain boundary movement.

One notes from Figure 9 that the flow
curve at 980 °C for the o+ phase shows a
breaking point at —In §=8. It is not clear at
present whether this fact caused by the
change of structure due to applied stress or not.

The activation enthalpies of deformation in « and 8
phases were calculated by Kim and Ree’s theory, and are
shown in Table 4 in the Discussion.

(2) Ti-SAI-2.55n Alloy. Lee et al?! examined the tensile
deformation of Ti-5A1-2.5Sn alloy with the same method as
in Ti-6Al-4V alloy. The specimen was made of a commercial
Ti-5A1-2.5S8n alloy, the composition is: Ti(base), Al(5 %)
and Sn{2.5 %).

The experimental data of f vs. ~In$ and the theoretical
curves for this alloy calculated from Eq. (5) by using the
parameters in Table 2 and shown in Figure 10. All the flow
curves show the flow character of Case 2. In the inset of
Figure 10, the flow curves at 700 to 900 °C are shown where
the phase of the sample js a. Tt changes the phase at higher
temperatures, f.e., it is 8 at 1045 and 1055°C while it is a
mixed o+ 3 phase at 1022 and 1030 °C. The flow curves at
the higher temperatures are also shown in Figure 10.

The microstructural observations?! of the samples in Figure
10 showed that the grain size increased affter (ensile test.
The size increase may occur by combination of grains which
moved together by grain boundary movement. Thus the
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TABLE 4: 4H Values for Ti Alloys*

Jae Hyun Kim, Taikyue Res and Chang Hong Kim

Alloys 4H; (kcal/g-atom) Phase Ref.

Ti-6AI-4V 1.9 {445 (A1) 8 This work

33.3 [4H; (Ti))

10.6 [4H 5 (AD) o This work

31.7 [4H; (Ti)]
Ti-5A1-2.5Sn 193 [4H; (Sn)] 8 This work

36.3 [AH} (Ti)l

15.6 [4H 5 (8n)] a This work

31.9 (4H (Ti)}
Ti-0.298i-0.170, 31.0 [4HS (Ti)] a This work
Self-diffusion of Ti* in Ti . § o

31.2 keal/g-atom 8 Murdock ef al
Self-diffusion of Ti# in Ti AH Gy-aine
29.3 kcal/g-atom a Libanati er ol ®

S4HY and 4H} represent activation enthalpies for flow units g; and g2, vespectively. The expected diffusing atoms are given in parentheses.

o Ti—-GAl—4V —Theory
- BOO °C
i =24k c 900 °C
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Fig. 9. Stress vs. ~In § for Ti-6Al-4V alloy. The flow curves at 800 to 950 °C,
where the phase of the sample is @. are given in the inset figure. The phase is B
at 990 and 1000 °C, and it is @+ 3 at 980 °C.

4l Ti—5A1-258n

3l —Theory
{u 1022 °C
*(030°C
a 0 1045°C
o l»1055°C

Stress x 10° (psi)
[jV]
7

— Theory
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\\ »750°C

" = B0O°C

x 900°C

—1In & (sec’)
Fig. 10. Stress vs. ~In § for Ti-5A1-2.55n alloy. The flow curves at 700 to 900 °C,
where the phase of the sample is a, are given in the inset figure. The phase is
at 1045 and 1055 °C, and it is g+ 8 at 1022 and 1030 °C.

grain  size increase seems to surpport
our assumption that the grain-boundary
movement controlled the deformation of
the alloy.

One notes from Figure 10 that the flow
curves at 1022 and 1030 °C(where the phase
is a+ ) show the same phenomenon ob-
served for the phase of a+ B of Ti-6Al-4V
alloy in Figure 9, ie., the Ti-5AI-2,58n
alloy shows also a breaking point at
~ —In 8=8. The reason for it is not clear at
present, but it may be said that this
phenomenon is a common character for a
sample of mixed phase.

The activation enthalpies of deformation
in ¢ and 8 phase are calculated by our
method, and are shown in Table 4 in the
Discussion.

(3) Ti-0.29S5i-0, 170, Kohoe et al2
studied the creep deformation of Ti-0.29Si-
0.170, alloy at three test temperatures (450,
500, 550 °C) where the phase of the sample
is «. The experimental data and theoretical
curves, calculated from Eq. (5) by using the
parameters in Table 2 are shown in Figure
11. Each flow curve belongs to Case I which
is due to only one kind of flow units, Since
this alloy contains very small contents of Si
and O,, the only one kind of flow units men-
tioned above is considered to be Ti.

Kohoe et al? observed optically the
microstructure of the sample before creep
test, and found that very large grains exist,
and also by an electron microscopic exami-
nation, they observed many fine and parallel
boundaries within the large grains. After
creep test, however, the microsructure was
not changed, and there was almost no
precipitation; these phenomena show that
this alloy is considerably stable for defor-



Molecular Theory of Plastic Deformation

Ti-0.29S5i-0i702

"
18- — Theory
16k v 450°C
R a 500°C ; Expt.
o
I4>\ o 550°C

o
;

Stress {H bar)
S

o { 2 3 4 5 © J? 8 9 10 11
=ing (h

Figure 11. Stress vs —In § for the creep test of Ti—0.29Si-
0. 170, alloy at 450, 500 and 550 °C. At these temperatures,
the phase of the sample is .

mation. From these observations, it may be said that the
mechanism of deformation is a grain boundary movement
which occurs on the fine boundaries in the large grains.
The activation enthalpy calculated by using the para-
meters in Table 2 is shown in Table 4 in the Discussion.

4. Discussion

1. Activation Enthalpiesfor Grain Boundary Flow of Fe
Alloys,

According to the Kim-Ree theory of plastic defor-
mation,5* the movement of a flow unit is hindered by an
element in the sample, thus diffusing of the element away
from the spot of hindrance is a necessary condition for con-
tinuing the movement of the flow unit, i.¢., for the deforma-
tion. From this view point, Kim and Ree conctuded that the
activation enthalpy for plastic deformation is equal to that
for self-diffusion AH,.. of the critical element. Therefore,
in this study, the activation enthaipies for plastic de-
formation of Fe and Ti alloys were calculated from Eq. (7),
and compared with 4H,_ .. of the elements which are
considered to be critical in the flow process.

First, consider the case of Fe-1.25Cr-0.45Mo alloy (Figure
1). The activation enthalpy for the deformation of the alloy
is found to be 4H;=61.4 kcal/g-atom by our method.
The activation enthalpy of self-diffusion of Fe is about
60 kcal/g-atom®~% ags shown in Table 3, {Sec the terms
of dH% .x in the column of 4K}). Therefore, our
value 4H =614 kcalfg-atom is in good agrecment with
A . of Fe as predicted by the Kim-Ree theory. By
using classical method, however, Viswanathan®® obtained
76.2 kcal/g-atom as the activation enthalpy for the deforma-
tion, but it is quite different from 4H 23 an of Fe.

Next consider the case for Fe-26Cr-6.5Ni alloy {(In 744)
(Figure 2) which was studied by Smith e al.® The two kinds
of activation enthalpies (4H; and 4H ) were calculated
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by our method, and are shown in Table 3. The value 4Hg
=31.4 kcal/g-atom will be considered later. But, the value
AH =604 kcal/g-atom (Table 3} is in good agreement with
AH > 40 oOF Fe -2 (Refer to Table 3.) Thus the value
of AH} is considered due to the self-diffusion of Fe
atoms.

For the case of Type 304 stainless steel'? (Figure 3), the
value AH;j=60.2kcal{g-atom was obtained by our
method, and it is also in good agreement with. 4H 5 _sn
of Fe?2% Chopra et all? reported that the apparent
activation enthalpy decreased from 91.7 to 79.5 kcal/g-
atom when the stress decreases from high to low siresses,
But these values are unreliable since they are different
from AH2, .« of Fe, and the value of activation
enthalpy changes with stress.

The activation enthalpy for deformation of steel
X5Cr NiTi-26.6 (Figure 4) was calculated as 4H /=471
kcal/g- atom by our method, and it is in good agreement
with 48.5 keal/g-atom which is A4H .. of 31Cr in
Fe-26Cr alloy.?® (Refer to Table 3.) Therefore, the creep
deformation of steel XSCrNiTi26.6 in the tested stress
region is considered to be mainly controlled by Cr than
the base metal Fe.

Next,we consider the value of 4H5=31.4 keal/g-atom for
In 744 (Figure 2). In the determination of this value, we
used the values of §;; at 900, 960 and 1020 °C. (See Figure
2 and refer to Eq. 7.) Except at 960°C, the experimental
flow data for the curves at 933 and 1020 °C are very scanty
for determining 3, which appear in the range of —~In §=—1
to 3, i.e., only three and four data are available at 900 and
1020 °C, respectively. (Refer to Figure 2.) Consequently, the
accuracy of 8, values at these temperatures is not so good.
Since 4H;, is obtained by using the valves of 8, at 900,
960 and 1020°C, we believe that the value of 4H ;=314
kcal/g-atom is underestimated more than by 10 kcal. If this
is the case, the g1 unit is controlied by the diffusion of Cr.
For definite understanding of flow unit g1, however, more
accurate flow daa are required for the sample, In 744.

In the case of ductile cast irons MIS5 and MIO (Figures 5
and 6),"? the activation enthalpies are about 4H j;=24 kcal/
g-atom (Table 3) for both alloys. This value is in good agree-
ment with AH Y 4 of ¥C in a-FeZ” (See Table 3.)
M135 and M 10 alloys contain relatively large amount of car-
bon, ic., 3.20and 3.08 %, respectively, but, the Mn content
is rclatively samall, ie., 1.42 % and 0.92 %, respectively.
From the above-mentioned facts, it may be concluded that
the flow unit of deformation is related to carbon, but not by
the base metal Fe or Mn.

Tanaka et al.!® reported that Mn has an action stabiliz-
ing the carbide in cast iron. According to our study, how-
ever, it is found that carbon, but not Mn, is related to flow
of the sample in the test stress region.

The phase of MIS5 is @+ +cementite and that of M10 is
7 +cementite. Though the phases are different from each
other, the activation enthalpies of deformation for the two
alloys are similar, about 24 kcal/g-atom, From this result, if
the composition of alloys are similar, if is expected that the
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activation enthalpies of deformation are about equal inspite
of the phase diflerence.

2. Aciivation Enthalpics for Grain Boundary Flow of Ti
Alloys.

The activation enthalpies for deformation of Ti-6AI4V
alloy (Figure 9) are shown in Table 4. The phase of this
alloy is 8 at temperatures above 990 °C. In this phase, the
activation enthalpy for flow unit g1 is 4H}=11.9 Kkcal/g-
atom, which is in a good agreement with 4H 5 ., of Al
which is reported in the Kim-Ree theory.”® The activation
enthalpy for flow unit g2 is AH >=33.3 keal/g-atom, which
agrees with those values of AH Yy .« of Ti (about 30
kcal/g-atom).?5:2% (Refer to the lowest part of Table 4.)

For the a-phase of Ti-6Al-4V alloy (Figure 9), the activa—
tion enthalpies for flow units gl and g2 are found to be 4H ;
=10.6 and 4H ,=31.7 kcalfg-atom, respectively, and these
values are similar with those for 3—phase (4H =119, 4H
=333 kecal/g-atom), and these values are also in good
agreement with JH 3 ., of AP and Ti*?® respec-
tively.

For Ti-5A1-2.58n alloy (Figure 10), the activation en-
thalpy for flow unit g1 is calculated as 4H [==19.3kcal/g-
atom for S-phase (flow curves at 1045 and 1055 °C) and as
AH ;= 15.6kealfg-atom for a-phase(the inset curves). (Refer
to Table 4 and Figure 10.) These values deviate a little from
22.4 keal/g-atom which is JH 2 Of Sn® at 130 to 250°
C. But, this temperature range is far below than 700 to 1055°C
where we obtained 4K} for the deformation. Thus, the
small difference in 4H 5 and 4H s of Sn is expected to
be natural.

The activation enthalpy for flow vnit g2 of Ti-5A1-2.55q
alloy is JH 3=36.3 kcal/g-atom in S-phase and AH ;=
31.9 kcalfg-atom in a-phase (Table 4), and these values
agree with AHIcau of Ti?%? about 30 kecal/g-atom
(Table 4).

Lee er al?! reported the activation enthalpy for Ti-5Al-
2.5Sn alloy as SO to 65 kcal/g-atom which was obtained by
classical method, and this value changed according to stress
levels. This value is about twice of dH o sn of Ti. Thus, Lee
et al.’s value for activation enthalpy is considered to be
unretiable.

The Ti-0.298i-0.170, alloy (Figure 11) is nearly pure
titanium. Thus we obtained only one kind of flow units.
The activation enthalpy for this flow unit is found to be
AH ;7 =31.0kcal/g-atom by our method (Table 4), and it is
in good agreement with 4H, .« of Ti (about 30 kealig-
atom). (Refer to Table 4.)

Kohoe ef af.?? calculated the apparent aclivation enthalpy
by a classical method as 68 to 72 kcal/g-atom, but this value
is also more than twice of AH .M we of Ti. Thus, we believe
Kohoe ef al.’s value is not reasonable.

From the above results. the values of 4H ;; obtained by
our method is more reliable than the values obtained by
classical method reported in the literature.
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