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Delayed yield has been explained in terms of dislocation theory
[1-5]. An atmosphere of free atoms is formed around a dislocation and
is very closely coupled to the latter. Cotirell and Bilby [3] and Nabarro
[2] have examined the motion of a dislocation within an atmosphere
and the conditions under which a dislocation can break away from an
atmosphere, which are determined by the temperature and the applied
force. They showed that a small loop appears first, while the disloca-
tion itself is held by the atmosphere and starts to move only at a cer-
tain time after the application of the stress . This time t; decreases
as T and o increase.

A moving dislocation that has left its atmosphere moves to the
grain boundary. Passage through this boundary requires a force substan-
tially greater than that for release from the atmosphere. Macroscopic
yield starts when the dislocations accumulated at a boundary start to
move through it. Fisher [6] used Cotirell's theary to derive the formula

log ‘tg= —A + BG*/xT.
]

Here A and B are constants to be determined by experiment, which
are dependent on the internal parameters of the material (energy per
unit length of dislocation, number of possibie sequences of loop forma-
tion, etc), while G is the shear modulus and T is shear stress.

However, this equation gives incorrect results for very low and very
high T, and also for very short ty, which Fisher ascribed to unsuitability
of the dislocation model under these conditions.

Campbell [7, 8] also proposed a criterion for dynamic yield based
on the Cottrell-Bilby theory, and this criterion is very widely used in
the literature on delay. Yield starts at the time t defined by

§exp (%) dt= 0. e
Q

Here U is the activation energy (a function of the applied stress),
k is Boltzmann’s constant, and C is a constant.

This expression may be transformed in accordance with the loading
o(t) and the form of U(s), which may [9,10] be taken as linear:

U(g) = 6/ g, (@)
as a polynomial [11]:
Ufo) = 0.9 (I — 0/ 6,3,
in which o, is some characteristic stress, or as a logarithmic relation
[2,13]:
U=E, In (o/0y), 3

in which Eq is 2 constant and y is the yield point at T = 0.
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In (1), the integral contains an exponential function of o, while
(8) transforms this to a power law. We need o(t) also in order to calcu~
late the integral of (1). It is usual to put o(t) = const in studying delay
(rectangular stress pulse); a stress known to exceed the yield point is
applied to the specimen, and the time for plastic flow to start is con-
sidered as the delay time.

Square-pulse loading gives from (1) that

tp=Cexp (— 0/ 0y (4)
if U (o) is taken as in (2), and that
to= C(0/ o))", (@ = Ee/ kT) ©)]

if (3) is used.

These formulas both agree well with experiment. The power-law
expression is more convenient, so all subsequent calculations will be
performed for (5).

Several papers [14~18] deal with delay on loading at a constant
rate of increase in deformation or stress (¢ = const or § = const). Re-
placement of o by Gt in (1) and use of (3) gives

to=Clo -+ 1) (0yq/ 0™ (6)

Here g, 4 is the dynamic yield point. The to for a triangular load-
ing pulse is o +1 times that for the square pulse of (5).

Kotlyarevskii [14] considered loading that can become o = const
or ¢ = const under the cormresponding conditions; oft) was linearized by
approximating it by the three straight lines

o= o) 0<t<n),
o= 0’2(t-—- 1) + oy (t1< t < t},
0 = Gofts — tn) + 01 = o(ty) (< t<C ty).

Here o and G, are the rates of stress increase on the first and sec-
ond parts. Kotlyarevskii applied Campbell’s criterion to get

o[

ot () (2 1) -39

(C* —c L)
st

Here Iys is the static yield point. This expression takes the follow-
ing forms in the cases ¢ = const and o = const:

tg=C(ax + 1) (Gyd/ O-y)—my ty=C(o/ O—y)_a .

Kotlyarevskii's formulas coincide with those above for 6 (or &) =
const and for an instantaneously applied load.
There is also the form of loading in which the load increases and
then decreases, e.g.,
0 = 0, sin @t.
Then Campbell's criterion is

at

(i_’:) S} sin® (wt) dt =C.

Sinusoidal stress has been considered several times [19-22], Bel~
sheim [19] derived the following empirical relation for t as a function
of 9yd for mild steel at a loading frequency of about 360 Hz:

t, = 513 exp (—0.000139 o).
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Here tg is the time from the point o > oyg to the onset of yield. It
is clear that this ty as so defined should substantially exceed that for
other types of loading for certain o, as is found. Taylor [20-22] found
that Campbell’s criterion applies for an arbitrary type of loading:

)
S ci)ydi=C
1}

However, Taylor does not state how he defined t;, for an oscillatory
load (there are various possibilities), and his graphs have few points
and a large spread; it is difficult to draw any definite conclusion. Cos-
tello [23] examined the case

oD = i -

He assumed that 8 lies between 0.5 and 2 under the usual experi-
mental conditions. Campbell®s criterion gives

tO = C°0"m

The factor C° is dependent on 8, whereas o is fixed for a given T
and given material. Plots of logo against logty are parallel straight
lines (for different 8) falling within a comparatively narrow range. The t,
calculated for the different methods of loading differ very considerably,
and the following relation has been proposed [16, 17] for the purpose
of comparing them:

1, 2

§ exp l{]}@} dt = §p exp [g];l] dt =1 exp [%:{ N

Here tg and o are for an arbitrary form of loading, while tp and ap
apply for a rectangular pulse. If o(t) is known, (7) gives tq.

Figure 1 [17] gives experimental results for different methods of
loading, the ordinate being o™ = ("yd - Gys)/cys, which corresponds
to the dynamic yield point (or the applied stress in the case of a rec-
tangular pulse), while tg is in sec (here taken as the time to onset of
yield). Figure 2 [17] shaws the same experimental results converted
via (7), and here the results can be compared for different methods of
loading, since the points all lie near a single straight line. The sym-
bols in Figs. 1 and 2 are as follows: 1) points for o = const, 2) 6 =
=const, 3) G = Oy sinwi.

In general, it is very difficult to make such comparisons because
the results of different workers generally relate to different steels. It
is shown below that t, is much affected not only by the composition
but also by the grain size, the surface treatment, and the experimental
conditions, in particular T.

In general, Campbell’s criterion describes closely the curves for
small ty and high o, but there are large discrepancies for o — Oys.
Campbell’s criterion in the form of (1) cannot cover the part that de-
viates from the straight line corresponding to oyg, so Campbell and
Duby [15] modified (1) to give the best fir for high and low 0. They
supposed that rapid diffusion of carbon atoms allowed these to link up
again with dislocations when ty was fairly large, which gave a modified
yield criterion as

exp (— blo) §exp (bt + 76‘_77?) di=, ®)

Q

and which becomes

fy
exp (— big) <51 exp(bt)di=C . (9)

]

if (3) is used for U. Here 1/b is the mean time required for a disloca-
tion to link up again with atoms; b may be deduced from the limiting
values for ty —> =, when {8) and (9) become

Uya @

exp (ET’) =50, 55 =0C, (10)
in which Uy, is the activation energy corresponding to oyg. The ob-
served Oyg» o, and C may be used with (10) to find b; Campbell and
Duby obtained b = 10.1 sec-! for mild steel, which they used in (9) o
relate o to t, for ¢ = const. Campbell’s experiments showed that (9)
takes account of the approach to Oys with a maximum deviation of 1%
from the observed points. However, here we will use Carnpbell’s cri-
terion in the form of (5), as this is much simpler; the region of the
static straight line is not of great interest.

Although there are fairly many papers on delayed yield, relatively
few experiments have been done, partly because there are difficulties
and partly because the results have a very great spread. The results
can be processed only if numerous points are available; but some Krafft
curves have been plotted only from two or three points, and it is clear
that such experiments cannot give reliable quantitative evidence on
to. In view of the experimental difficulties, many authors have used the
results of others, usually those of Wood and Clark [9,10], which are the
most reliable, since they obtained numerous points throughout the range
of tg (0.3 to 1.0 msec) and five different T (394,296,214, 141, and
77° K). Figure 3 shows tg (sec) as a function of o (kg/mmz); the solid
lines are those calculated from (8). Here only a(T) takes account of
the T dependence of tg, it being assumed that C is independent of T.
The calculated curves fit the experimental results well at 296° K
(+23° C) and above, but there is some deviation at 214° K (~59° C),
and this becomes considerable at 77° K {(~196° C), which shows that
the T dependence in (5) is not reliable for all T.

Table 1 gives the parameters of (5) derived from the results [9, 10,
24-30] for various steels.

The o and logc (where ¢ = Co%) were determined as functions of T
by least squares for the various compositions, grain sizes, and ranges
in tg.

Figures 4 and § show some of the o{T) and logc(T) curves, in
which the numbers on the curves correspond to the numbers in the ta-
ble. From about 273° K (0° C) upwards, « and logc vary little with T,
and this is the region where (5) gives good results. At 250-300° K
(~23 to 27° C) there are kinks in o(T) and logc(T), and these quanii-
ties acquire a substantial temperature dependence at low T. Curves
6 [9, 10] indicate that this kink lies at 180° K (~93° C). It is difficult
to judge the behavior at low T because very few measurements have
been made. It is not clear why « and c have negative temperature co-
efficients.

Another interesting effect occurs at low T, If o is large (the pre-
cise o varies with T) there is an upper limiting o at which brittle frac-

b, \{7 .

v 21K ° ~N

p - '; é R o :
ALY & © S [

Vs VAN e
YA

/= B ‘3&\ - ‘?k\ ]

LR
17 "‘ & % P
20 4o 69 80
Fig. 3

271



Table

Ni | Source Composition, % Treatment ta, sec T° K Ige @
1 1] 0.12C, 0.98Mn Annealing 3.10781.102 213 26.3 16.9
297 16.7 121
2 19 0.12C, 0.98Mn * 3.10-3—1.102 213 16.8 12.2
297 12.9 11.3
3 [} 0.12C, 0.98Mn *i 3.10-3—1.402 213 24,2 16.2
297 25.9 19.3
4 [*1 0.12C, 0.98Mn HEk 3-10-3—1.102 213 16.7 11.8
o 297 13.1 10.9
5 [*#] 0.19C, 0.43Mn Annealing 5.103—5.100 296 22.4 15.7
8] 1°] 0.17C, 0.39Mn Annealing 3.10-4—1.108 77 86.5 | 44.1
144 45.1 24.5
214 28.3 17.6
. 286 23.2 }5 Z’
3% . 3.
7 %] 0.17C, 0.39Mn Annealing 3.1075—3.107? 296 égg 15.7
339 8.2 7.21
. 4 .5 13.6:
8 [2¢] 0.204C, 0.84Mn Annealing 2.4078—1.10¢ %98 ;;2 14.5
248 13.9 9.8
298 12.7 9. g
9 [28] mild steel Annealing 2.4076—4.10"5 ggg 2; 22
4-1075—1.10% | 995 | 7.9 |18.7
10 [&d] 0.01C, 0.99Mn — 5.10-6-—5.40"8 213 30.2 20.1
e | s |1hs
2! 4. i3
1" [#7] 0.11C, 0.62Ma — 5.1076—5.10"3 213 igg 12.2
253 5.9 11.3.
298 12.3 Q.g
394 %. 17.
12| p1 | 0.6c,0.60Mn | 5.10-5.10 | 304 | o6 | 193
228 | 23.0 | 14.7T
252 21.6 1A
276 18.7 12.7
300 14.8 10.8
324 18.4 13.1
348 14.8 11.%
332 9.1 8.8‘
39 1. .
13 1¥] 0.22G, 0.36Mn — 5.4076—-5.10"3 228 ;3% 12_2_
252 26.9 16.6
300 17.2 [ 11.9
324 16.9 1.9
348 16.5 11,9
3;2 12.4 11.3’
3% 14.8 11.
14 {#] | 0.22C, 0.98Mn — 5.1076—5.10"3 253 28.1 17.6
298 21.4 14.4
338 19.2 13.?’
3% 24.3 17.4
15 [*7] 0.31C, 1.01Mn — 5.1076-—5.40"% | 9298 19.4 13.4
338 18.0 gg‘
394 21.0 A
16 1 - - 2.407%—1.107% | 243 | 29.5 |18.
253 24.5 15.7
298 15.9 1.5
338 9.3 18.(1)
94 14.1 1.
17 [*] 0’.19(;, 0.54Mn —_ 1.1078.-2.107¢ 296 5.2 17.4
48| IMAsh steet 3 Annealing 2.1072—1.100 296 17.3 11.7
19| 1MAsh steel . 45 Annealing 2.1072—1.100 296 21.2 13.9
n I dmm
20 1] 0.09C, 0.45Mn | 315010.0178 1.1073—1.40° 296 11.2 8.1
21 {2 0.09C, 0.45Mn | 203010.0222] 1.103—1.100 296 13.4 9.7
22 i*] 0.09G, 0.45Mn 77310.0360; 1.1078—1.100 296 11.8 9.2
23 [} 0.09C, 0.45Mn 495 (0.0450] 1.1073—1-400 296 8.8 7.2
24 2] 0.09C, 0.45Mn 346 [0.0540) 1.1073—1.10° 296 11.6 9.3
25 ’[29] 0.10C, 0.55Mn 5250 [0.0138] 1.1073—1.40° 296 12.3 8.8

*Steel treated with liquid hydrogen.

**Steel treated with liquid hydrogen and carburized,

s=*#3teel treated with liguid hydrogen and nirrided.

Note. The numbers 18 and 19 correspond to experiments done in the Laboratory of Ma-
chine Materials Strength at the Institute of Machine Research; N = grains/mmz, d = grain

diameter,
ture occurs, with no delay, as Fig. 3 shows from points for 77° K ing to o > oy will cause the specimen to behave as elastic for a time
(=196° C). Others [26,27] have found this, and the effect has been tp such that'ty + t, =ty if it has first been loaded with ¢ > gy for a time
confirmed in the Laboratory of Machine Materials Strength at the In- ty <to, which does not allow plastic deformation to occur. The same
stitute of Machine Research. occurs in a long sequence of loading cycles.

Clark and others [17, 31, 32] have examined the effects of aging on Clark examined the effects on tg from heat treatment between suc~
delayed yield for repeated dynamic loading, Macrodeformation does cessive loading cycles. If the specimen after loading is aged at 66°C
not always occur during the first loading cycle, although the maximum for 100 min and is loaded for t = 3t;/5, no yield occurs. The same
o exceeds the yield point. It has been found [4, 32] that repeated load- occurs on aging at 93° C for 12 min. Maintenance at 21° C does not
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affect tp. Clark and Wood concluded that proper choice of T and aging
time produces some recovery; repeat loading does not cause yield if the
recovery time at a given aging temperature is less than the aging time.
It was considered [4] that the recovery is related to the diffusion of car-
bon and nitrogen atoms.

Results have been given [9,10,27] on the effects of C and N con-
tents on ty. It was found that the o for a given t; increases with the C
and N contents.

Other studies [26-29] deal with the effects of grain size on tg.
Campbell found that this is

A U
to =5 eXP \ET )"

He supposed that the grains all have the same diameter d and that
the dislocations are uniformly distributed in the material. The larger
d the less the o needed to make the material yield in a given time,
which explains the effects of heat treatment on ty. However, it is also
necessary to take account of microstructural parameters (size of ferrite
grains, free distance between perlite inclusions in the ferrite, and size
of the perlite inclusions).

Table 1 gives the results from least-square processing, which do
not reveal any definite trend in o and logc with the contents of C, N,
and Mn, or with d. The reason is that each worker recorded too few
points, so least-squares processing does not allow one to establish quan-
titative characteristics. Moreover, the authors themselves mostly drew
their curves by eye. Finally, the results were obtained on various steels,
which differed in composition, heat treatment, test conditions (in par-
ticular, T), and methods and levels of loading (different ranges in tg).

However, it would seem that the % C and Mn substantially affects
the results. For instance, steels have been used [27] all containing
0.22% C and with Mn contents of 0,36 and 0.98%. The comesponding o
for normal T were 11.9 and 14.4, while the logc were 17.2 and 21.4.
The contents of all other components would appear significant, as
would the type of heat treatment.

Our results were obtained for steels differing in heat treatment and
having 0.01 to 0.31% C, as well as 0.39 to 1.01% Mn. Theroom-tem-~
perature o was 9-16, and the log ¢ was 12-22,

The published evidence does not provide exact values for the co-
efficients of (5) for any class of material, and this is evidently impossi-
ble, because the delay is much affected by factors such as grain size
and heat treatment, as well as chemical composition and test condi-

tions. Independent tests are needed for each particular material in or-
der to obtain quantitative results.
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