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The effect of the grain size [ of commerical nickel on the lower
yield point, o, and flow stress, Of, has been investigated. From the
relationship bétween o_ and 17/% and between oy and 174%, and
also by extrapolation, the parameters 01(03;) and ky(kj ), which occur in
Petch's well-known expression, were determined. It was found that
the values of these parameters depend on the previous history of the
samples, It is suggested that the more marked dependence of the
deformation resistance of nickel on grain size arising from certain
thermal treatments is due to the segregation of impurities to the
grain boundaries. It is shown that this is in accord with the presence
of grain-boundary hardening and with its dependence on quenching
temperature,

Hall [1] first showed that the relationship between
the lower yield point, o,,, of low-carbon steel and the
grain size, [, is expressed by the equation

oy = o1k hyl=t, (1)

Many authors have since confirmed this relationship
[2—11 and others].

The interpretation of Eq. (1) suggested by Hall
[1] and Petch [2] is based on the following two as-
sumptions: (1) that planar pile-ups of dislocations
occur which are blocked by grain boundaries; (2)
transmission of deformation at the lower yield point
from grain to grain takes place as a result of rup~
ture of intergrain boundaries by the dislocation pile~
ups. From this point of view, the dependence of the
lower yield point on the grain dimensions is com-
pletely determined by grain-boundary strength, a
measure of which is given by the parameter ky
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Fig. 1. The relationship between deformation
resistance of nickel quenched from 700° in water
and grain size, 1) € =0.5%; 2) € =1.0%; 3) € =

= 2.5%; 4) & =4.0%.

Later, Cottrell [12] gave a different interpreta-
tion of Eq. (1). He suggested that deformation is
transmitted from grain to grain by the excitation of
Frank-Read sources in neighboring grains under the
action of a stress which is the sum of the applied
stress and an additional stress due to the pile-up of

dislocations at the grain boundary. In this case the
parameter k. characterizes the degree of blocking
of Frank-Read sources by carbon~nitrogen inter-
stitials.

Subsequently Petch also used the pile-up model
[5]. However, he now [13] takes a somewhat different
view, assuming that the excess stress in adjacent
grains is created by a slip band, not necessarily
consisting of a planar dislocation pile-up that has
approached.
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Fig. 2. The relationship between the deformation
resistance of nickel water-quenched from 700°
and then heated for 10 min at 180°, and the grain
size: 1) e—e1, = 0.5%; 2) e~eq, = 1.0%; 3) e—eL, =
= 2.5%; 4) e~¢e1, = 4.0%.

Recently, many experimental results have been
obtained [14—21] that do not fit the framework of
the above theories. Theories based on the pile-up
mechanism may now be considered to have been
refuted, since neither in a—iron and low-carbon
[17,18,21] nor in other bee metals [19,20], which
also have yield points due to interstitials, have
planar dislocation pile-ups been detected. The
view, contrary to Cottell's assumption, that in the
process of plastic deformation dislocations pinned
by interstitials do not break away but remain
stationary is becoming more and more widely
accepted [21-23], the presence of a yield point and
a yield plateau being linked either with an initial by
small number of free dislocations [22,23] or with
the generation of dislocations at interfaces such as
grain boundaries or interfaces between inclusions
and matrix [21]. The latter assumption is supported
by the results of [20,24,25].

Our limited understanding of the yield mechanism
naturally results in a lack of agreement as to the
physical processes which determine the parameter

. In this respect the phenomenon of forced slip
at the grain boundaries discovered by Johnson and
Shaw [26] is of importance. Since a Liiders-Chernov
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Table 1
Ta °C 700 750 800 850 900 1000 | 1150
i 1, mm 0.008 | 0.015 | 0.030 | 0.038 | 0.070 | 0.104 | 0.200
Y mm V2| s 7.8 5.3 5.1 3.8 3.1 2.0

line, propagated at the lower yield point, must over-
come these hardened areas around the grain boun-
daries, according to Johnson [27] the effect of grain
size on the parameter ¢, will be the greater, the
higher the rate of hardening and the stronger the
blocking of the dislocations.

Recently, Li [28] suggested a new theory, on the
basis of which he derived a quantitative expression
for k. Li introduced the concept of new dislocation
sources formed by jogs at the grain boundaries.

He assumed that yizlding begins when the external
stress causes production of dislocations at these
sources. On the basis of this model the following
expression for the parameter ky is obtained:

ky = apy (8 mfn)'s, @)

where « is of the order of 0.4, b is the Burgers
vector, and m is the density of grain boundary
sources (jogs at the grain boundaries), which accord-
ing to Li's theory depends on the temperature and
the concentration of impurities.
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Fig. 3. The relationship between deformation

resistance of nickel water-quenched from 600°

after slow cooling (50°/hr) from Ty to Tk and

grain size: 1) &€ = 0.5%; 2) € = 1.0%; 3) € = 2.5%:;
4) & = 4.0%.

Many investigations {13,14, and others] have
shown that the relationship between the flow stress
and the grain size is similar to (1):

5/=5{+ kfl—‘/’. (3)

Usually for a-iron and low-carbon steel k; is less
than k, [13], although according to the resilts of
Conrad and Schoek [14] ch = ky

In the paper mentioned above [28], Li also con-
sidered the effect of plastic deformation on the
parameter k¢, and showed that if, in the deformation
of any type of material, recovery occurs, kf must

decrease with increasing deformation. In the ab-
sence of recovery k; must increase with increasing
deformation. It should be noted that (1) and (3) are
valid not only for bee metals and alloys, but also
for those with fcc and hexagonal ones [13].

The stresses oj and o;/in Egs. (1) and (3) respec-
tively represent the resistance to movement of
the free dislocations inside the grains due to the
Peierls-Nabarro force, inclusions, dissolved im-
purity atoms, and dislocations,

In summary it may be said that the problem of
the effect of grain size on the mechanical properties
of materials is still far from solved, and therefore
any new data will undoubtedly be of value. The
present paper is devoted to an investigation of the
effect of grain size on the deformation resistance
of commercial nickel (type N1). Investigation of
nickel is of particular interest since, like a-iron,
it is subject to rapid deformation aging, caused by
the presence of carbon [29-34].

MATERIAL AND EXPERIMENTAL PROCEDURE

Samples of grade N1 nickel were prepared from
wire 1 mm in diameter. The nominal length of
the samples was 50 mm. The grain size was varied
by vacuum annealing for 1 hr at various tempera-
tures. To produce the largest grain size the sam~
ples were annealed in a sealed tube. The annealing
conditions and the grain sizes obtained are listed
in Table 1.

After annealing the samples were submitted to the
heat treatments detailed in Table 2. The samples
were tested at room temperature on tensile testing
machine {35]. The extension diagrams were recorded
photographically. The rate of deformation was 60%/hr.
Each experimental point is the mean of values obtained
for 5-10 samples. On all the graphs the straight lines
relating o, or o, and I "Y' were plotted by the method
of least squares.

RESULTS

The experimental results obtained are given in
Table 2 and in Figs. 1-6. From Fig, 1 it will be
seen that in the case of samples quenched in water
from 700° C after rapid cooling from the annealing
temperature Ty, for the deformations & = 0.5%,
1.0%, 2.5%, and 4.0% the relationship between
1I"1/2 and the resistance to deformation of is more
or less linear. For higher deformations in this
and in the remaining series of experiments it was
observed that on the one hand the scatter of the
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Heat treatment after annealing g % oi, kg/ mm? k, kg/ mms/ 2
Rapid cooling from T,to 700° C, 0.5 11.0 0.34
quenching from 700° C in water. 1.0 13.0 0.35
2.5 18.2 0.38
4.0 22.7 0.35
Rapid cooling from Tgto 700° C, e—¢; = 0.5 10.5 0.37
quenching from 700° C in water, e—e, = 1.0 13.0 0.33
aging at 180° for 10 min :—g, = 2.5 18.4 0.30
e—¢g; =10 23.6 0.16

Slow cooling at 50°/hr from Tyte lower yield _

Tk point 4.4 0.97
z—¢; = 0.5 9.2 0.76
e —e; =2.0 15.6 0.73
Slow cooling at 50° /hr from T, to 0.5 9.6 0.52
Ty, soaking at 600° for 1 hr, fol- 1.0 11.7 0.51
lowed by quenching in water, 2.5 17.4 0.50
4.0 22.2 0.49
Slow cooling at 50°/hr from Ty to e —e;, = 0.5 9.4 0.49
Ty, soaking at 500° for | hr fol- s—e; == 1.0 12.0 0.43
lowed by quenching in water, e—¢; =25 17.7 0.39
s —egy - 4.0 22.7 0.32
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experimental points was very high, and on the other
hand the deformation resistance of the samples
with the largest grains was anomalously high. The
latter effect is apparently due to the special condi-
tions used to produce the large grains. Consequently
no conclusions can be drawn about the nature of the
relationship between the deformation resistance of
nickel and the grain size at large deformations.
From Table 2 it will be seen that kI)z is practically
independent of € and has a mean value of 0.35
kg/mm3/ %, Of course, ¢/ increases with increasing
deformation as a result bf work hardening of the
material. Since the samples were quenched from the
relatively high temperature of 700° C, it was to
be expected that the yield phenomenon would not be
observed. This was in fact true, with the exception
of the samples with the smallest grain size, which
exhibited a very indistinct yield plateau.
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Fig. 4. The relationship between the Lilders-
Chernov deformation and the grain size of sam-
ples slowly cooled from T, to Tk (50°/hr).

The second batch of samples water quenched
from 700° C immediately after grain growth and
rapid cooling to this temperature was submitted
to an additional thermal treatment—aging at 180° C
for 10 min, I the quantity of carbon which can seg-
regate at the dislocations under the above condi-
tions is calculated by the Cottrell-Bilby formula
[36] from the data of [34,37], it is found that the
saturation of the atmosphere may be up to two-
thirds of the possible maximum. Thus in this case
blocking of the dislocations should have a consider-
able effect. The experiments showed that the ad-
ditional aging treatment did in fact somewhat change
the behavior of the material, but only in the case
of the samples with the two smallest grain sizes.
While a slight yield plateau was observed in the’
unaged material only in the case of samples with
the smallest grain size, aging not only increased
the yield effect in these samples but also produced
a yield plateau in the samples with grain size I =
= 0.015 mm. In both batches the plateaus were
sufficiently well defined for the parameters ky, and
oj to be determined extrapolation (see below). It
was found that ky = 0.30 kg/mm3/? and 0; = 6.8
kg/mm?

The values of ks and i obtained for various
deformations (Fig. 2) [for [ = 0.008 and 0.015 mm
the values were determined from the end of the
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yield plateaus (see below)] are listed in Table 2.

It will be seen that, for small values of ¢, k¢ is very
close to k,, determined by extrapolation, and also

to the values of k, obtained in the first set of experi-
ments. It is of particular interest that kr decreases
by a factor of more than two as & is increased from
0.5% to 4.0%.

The samples which had been cooled slowly (50°/hr)
and then quenched in water from 600° C behaved quite
differently (Fig. 3). This thermal treatment resulted
in an increase in the parameter kr and in a decrease
in a{ . The samples quenched from 500° (Table 2) be-
haved similarly, although in this case the parameter
ks decreased significantly as ¢ increased from 0.5
to 4.0%.

In the slowly cooled samples the dislocations were,
of course, strongly blocked by the carbon atmospheres
(or even superatmospheres [38]), which resulted in
the appearance of a yield plateau on the extension of
all the samples except those with the two largest
grain sizes. The relationship between the size of
the yield plateau (Liiders-Chernov deformation)
and I"1/2 is shown in Fig. 4, from which it will be
seen that in this case £7, decreases rapidly with in-
creasing grain size.

It has been shown [19,39,40] that the extrapola-
tion method [12] of determining the parameters
and oj gives excellent results which agree with those
obtained from the relationship between ky and Ve,
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Fig. 5. The relationship between the lower yield

point and flow stress of nickel cooled at the rate

of 50°/hr and the grain size: 1) lower yield point;
2) e—e1, = 0.5%; 3) e—eg, = 2.0%.

The importance of the extrapolation method lies
in the fact that it indicates whether the parame-
ters ky and o; vary with the grain size, and thus
tests the validity of using samples with various
grain sizes to determine ky and o;. Therefore the
extrapolation method was used in addition to the
grain-size technique (Fig. 5). The values of k I~ 12
determined by the extrapolation method are re-
presented by the points on Fig. 6. It will be seen
that the points lie satisfactorily close to the straight
line 1, which was plotted from the values of k_ de-
termined from Fig. 5. The relationship between o
and I"%/?, determined by extrapolation, is represented
by curve 2 of Fig, 6; the value of ¢; determined by



SOVIET PHYSICS JOURNAL

the grain-size technique is given by the straight line
3. It will be seen that o; increases as the grain size
decreases. However, since this increase is only
slight, and since the value of ¢y obtained by extra-
polation is close to the value given by the grain-size
technique, it is probably safe to conclude that the re-
sults of the extrapolation method confirm the validity
of the grain-size technique.

In plotting o as a function of 7Y% for the slowly
cooled samples it is essential to remember that o3
is, to a first approximation, independent of the grain
size, whereas the extent of the yield plateau depends
closely on the grain size. Thus it can be assumed that
the parameter o'f. will be independent of the grain
size only when the deformation for which the relation-
ship of vs. 1=1/2 is plotted from the end of the
yield plateau [28]. Therefore o was plotted as a
function of I71/2 for =g, = 0.5% and 2.0% (Fig. 5,
Table 2). It will be seen that kf is less than ky, and
decreases slightly as the deformation is increased.

DISCUSSION

On the basis of the above results little can be
added to our understanding of the mechanism of
yvield phenomena. However, the results are of value
in elucidating the effect of grain boundaries on de-
formation resistance. It appears that the results ob~
tained can be explained on the assumption that the
intensification of the grain-size effect in metals
containing impurities is due to the segregation of
these impurities at the grain boundaries. Such grain-
boundary segregation is a well-established pheno-
menon [41,42].
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Fig. 6. The relationship between kyl—l/2 and oj

determined by the two different methods, and the

grain size: kyl"1 %.e = exptl. point—extrapolation

method; 1) grain-size technique: oi; 2) extrapola~-
tion method; 3) grain-size technique.

It can be assumed that in the samples quenched
from 700° immediately after grain growth the im-
purity atoms (apparently mainly carbon) will be
more or less uniformly distributed throughout the
samples, An additional short anneal at 180°, which
results in the formation of a Cottrell atmosphere,
as indicated by the appearance of a clear yield
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plateau during the testing of samples having grain
sizes 1= 0.008 and 0.015 mm, cannot, of course,
have any significant effect on the concentration of
impurity atoms at the grain boundaries. At this
temperature the time necessary for noticeable
segregation, evaluated by formula (5.9) of [41], is
much longer than 10 min. Thus the values of the
parameters ks and a{ are practically unaffected
by this additional treatment, except at large de~
formations. However, little attention should be
paid to the results of experiments in which the
deformations were large, since the scatter of the
experimental points was excessive.

From Table 2 it will be seen that in the case of
the samples cooled slowly (50°/hr) the values of
ky and ks are much higher, and the values of o3
and 0{ much lower, than in the first two sets of
experiments. We consider that the sharp increase
in the parameter k is due mainly to grain~boundary
hardening by intensive segregation of impurity
atoms which occurs readily during slow cooling.
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Fig. 7. The relationship between grain-
boundary hardening in nickel (AH denotes
the difference between the microhardness
of the boundaries and that of the interior
of the grains; hg denotes the microhard-
ness of the grains) and the quenching
temperature.

This segregation also affects the relationship be-
tween the flow stress and the grain size and thus
results in high values for ky. The decrease in the
values of oy produced by slow cooling is apparently
due to a reduction in the concentration of impurity
atoms within the grains, where they hinder the
movement of dislocations.

From Table 2 it will be seen that when slowly-
cooled samples were annealed at 500° and 600° for
1 hr the parameter kr decreased and oj increased.
However, in these cases the values of kr were
significantly higher, and the values of o signifi-
cantly lower, than the corresponding values for
samples quenched from 700°. This can readily be
explained by the grain-boundary segregation of
impurities, which will be more marked in the former
two cases than in the latter.

An additional series of experiments was carried
out to confirm the grain-boundary hardening and
to determine the effect on it of the last treatment
conditions. In these experiments the microhardness
at the grain boundaries and within the grains was
measured with a PMT-3 microhardness tester, the
load on the indenter being 20 g. The nickel samples
used were in the form of sheets 0.5 mm thick.
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To determine their initial condition they were an-
nealed for 1 hr at 1000° and then cooled to room
temperature at the rate of 50°/hr. The samples
were electropolished in an electrolyte consisting
of 59% H,SO, and 41% H,0 (by volume) and etched
in concentrated nitric acid. The microhardness was
determined on samples that had been quenched from
various temperatures after being held there for
1 br. In each case not less than 40 measurements
were made. The grain-boundary hardening was
characterized by the ratio of the difference between
the microhardness at the grain boundary and that
within the grains, AH, to the microhardness inside
the grains, Hg (which is practically independent of
the quenching temperature). Figure 7 shows the
variation of AH/H_ with quenching temperature. It
will be seen that t%e samples in their initial condi~-
tion and those quenched from 400 and 600° exhibit
corisiderable grain-boundary hardening, but this
was not observed in the samples held at higher
temperatures before quenching. From a comparison
of Fig. 7 with the data of Table 2 it will be seen
that there is a correlation between the variation in
the parameters kyf and g.lf and the variation in grain
boundary hardening with quenching temperature: the
sharp decrease in ky and the increase in ¢} cor-
respond to the rapid decrease in grain-boundary
hardening between 600 and 700°. These results thus
confirm the original assumption.

In conclusion the following point should be noted.
In plotting the relationship between the flow stress
and I"%/2 in the present investigation the flow
stresses were determined for a series of deforma-
tions measured from the end of the yield plateau.
This method assumes that the "frictional® stress,
gj, changes continuously during the transition from
yield to flow. However, it is possible that in this
transition oj increases discontinuously to the value
of o4 corresponding to the deformation at the
end of the yield plateau. Such a discontinuity might
be the result of the gradual propagation through the
sample during yielding of a fixed deformation, the
magnitude of which depends, in particular, on the
grain size, so that underformed regions are present
in the sample until the end of the yield plateau is
reached. Under these conditions o; will express the
"frictional" stress at the front of the Liiders-Chernov
region. Since uniform deformation begins only after
the yield deformation has been propagated through
the whole sample, the latter deformation must con-
tribute to an increase in af . Thus in the transi-
tion from yielding to uniform flow ¢; will increase
discontinuously to a{ and there will be a corre-
sponding discontinuous decrease in the parameter
k. From this point of view, in determining the
Hall~Petch relationship for the flow stresses, the
selected constant value of the deformation must
include the yield deformation.

We wish to éxpress our gratitude to our senior
colleague V. E. Panin and to research student
E. F. Dudarev for their criticism of the manuscript.
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