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Grain-size dependence of the mechanical
properties of an age-hardening

Fe-1 % Cu-alloy

E. HORNBOGEN, G. STANIEK*

Institut fiir Werkstoffe, Ruhr-Universitat Bochum, 463 Bochum, Germany

The contribution of grain size and precipitation hardening to the yield stress and other
mechanical properties was investigated. An alloy of iron with 1%, copper was prepared
as supersaturated solid solution with grain sizes between 12 and 140 pm. By ageingat
500 and 600° C different precipitation hardening conditions were produced.

For small particle sizes an additive behaviour of grain-boundary and precipitation
hardening was found (particle radius r < 50 A). For large particle sizes the yield stress is
independent of grain size (r > 150 A). A transition is found for intermediate particle
sizes with grain size dependence for small and independence for large grain sizes

(50 A < r <150 A).

The effect of grain boundaries and particles on the formation and motion of

dislocations is.used to explain this behaviour.

List of symbols

gy, measured yield stress

do, increase in yield stress

Aap  particle hardening

Aoy, grain-boundary hardening

Ao, solid solution hardening

o,-¥e, yield stress of a pure «-Fe crystal

yield stress of the alloy at D-12 = (0 =

Tos
D=
D,  grain size
ky, slope of Hall-Petch-relation
b, Burgers vector

€, plastic strain

py, dislocation density at 0.2 9 strain

pv, density of dislocation generated at grain
boundaries

ps, dislocation density from second sources

pp, density of dislocations generated at par-
ticles

A, average free path of dislocation

G, shear modulus

a,  constant factor relating Ao and p

oy  ultimate tensile strength

1. Introduction
The increase in the yield stress of metals due to

individual hardening mechanisms has been
discussed previously [1]. Quantitative relation-
ships between the increase in yield stress and the
concentration of certain obstacles can be
obtained. Little is known, however, on the
combination of elementary hardening mech-
anisms, especially on quantitative relationships
between the contributions due to more than
one mechanism [2-4]. The The interaction of one
dislocation with mixtures of obstacles has been
discussed theoretically [5]. Precipitation harden-
ing and hardening due to grain boundaries are
two important elementary hardening mecha-
nisms, the combination of which has not yet
quantitatively been investigated. It cannot be
treated by the formulae given by Foreman and
Makin [5] because the interpretation of grain-
size dependence of yield stress requires con-
sideration of an interaction of more than one
dislocation with a grain boundary. An iron-
copper-alloy was used as a model alloy for this
investigation. It was chosen because its pre-
cipitation behaviour is well known and relatively
simple [6]. Only two phases and no inter-
metallic compounds occur, and treatments that
produce different grain sizes and different
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precipitation conditions can be performed
independently in different temperature ranges.
The precipitation kinetics are relatively simple.
At the beginning of ageing, copper-rich bcc
coherent zones form in the a-iron matrix. Above
a radius of about 30 to 40 A these zones start to
transform into the fcc structure and lose
simultaneously their coherency. Consequently,
only particle growth occurs.

2. Experimental methods
The main objective of the experimental work was
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Figure 1 The equilibrium diagram of the Fe—Cu—System
[71.

to measure the mechanical properties, especially
the yield stress, for various grain sizes and
precipitation conditions.

The material had the following composition:
1.000 % Cu, 0.006 % C, 0.002 % N, balance Fe.
Sheets 5 mm thick were produced by forging,
hot-rolling, cold-rolling and grinding. The
heat-treatment temperatures are indicated in
Fig. 1 [7]. Different grain sizes were produced
by cold-rolling or stretching of tensile speci-
mens, followed by recrystallization at 850°C.
Homogeneous solid solutions are obtained with
a grain size range between 12 and 140 pm.

Precipitation of copper was obtained by
ageing treatments between 500 and 600°C for
1 to 100 h. In this way particles with a maximum
radius of 160 A were produced.

Mechanical measurements were conducted
with sheet tensile tests and sheets of 100 mm
length and 5 to 20 mm? cross-sectional area. In
each case the thickness of the sheet was more
than ten times the grain diameter.

Some of the specimens were tested until
rupture, others were deformed to a defined
amount of plastic strain in order to obtain
deformed specimens for electron microscopy.
The microstructure was determined by trans-
mission electron microscopy of thin foils and
replicas, while light microscopy was used for
grain size determination. Transmission electron
microscopy was especially suited for the
investigation of the nature of the particles and
the interaction of dislocations with particles. The
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Figure 2 Grain-size dependence of the yield stress of an a—-Fe—19% Cu alloy in different precipitation conditions.
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in yield stress due to particle hardening and uniform elongation as a function of particle radius.
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replica method led to quantitative data on
particle diameters and spacings.

3. Experimental results
3.1. Mechanical properties

The results of the yield stress measurements are
summarized in Fig. 2. The grain-size dependence
of yield stress is plotted for various ageing
treatments. For the analysis of the results, the
different contributions to the yield stress have to
be separated. This can be done according to
the following scheme:

oy = o,we + dog + dop + dop (D

where o,-re yield stress of the pure iron
matrix; dog increase due to solid solution
hardening; 4o, = contribution due to particle

in yield stress by grain-boundary hardening as a function of (grain size)~/2.

hardening; dop = grain-boundary hardening.
The contribution o-ge + dos ~ 140 N mm~2
is assumed to be constant. The increase in yield
stress Ao with which this paper is concerned is
due to particle and grain-boundary hardening:

@

The contribution of the individual hardening
mechanisms are not simply additive and inde-
pendent of each other. The subject of the present
paper will be to show the special dependence of
Aoy and Aoy,

From Fig. 2, it follows that the contribution of
particle hardening is:

Ao = Aop + Aob .

dop = o D2 = 0) — g,y — dos 3

= 0y — O, Fe — Ao .

881



E. HORNBOGEN, G. STANIEK

In Fig. 3 the particle hardening, dop, is shown as
a function of the average radius of the copper
particles. The particle size at which maximum
yield stress occurs is identical with the transition
from shearing to bypassing of particles [8]. If an
increasing number of particles are bypassed, the
value of 4oy approaches that which is expected
from the Orowan equation [9].

After the contribution of precipitation harden-
ing has been eliminated from the data given in
Fig. 2, a grain-size dependence of the yield
stress is left, which is indicated in Fig. 4. The
grain-size dependence of yield stress is dependent
on the precipitation condition. Three different
ranges can be distinguished :

1. The homogeneous solution and the ageing
conditions where particles are sheared (particle
radius r < 50 A): the Petch-Hall-relationship
[10] is obtained and grain-boundary hardening
occurs to the same absolute amount in solid
solutions and precipitation hardened alloys:

doy = dopmax = kyD_l/z . C)

2. Medium particle sizes (50 A < r < 150 A):
there is a transition range for medium particle
sizes in which there is a grain-size dependence of
yield stress for small grain sizes while it becomes
independent for large ones:

Aoy, < kyD~12 and not oc D12, ©)

3. Large particles (r > 150 A): the yield stress
becomes independent of grain size above a
certain particle size:

do, = 0. (6)

3.2. Electron microscopy

Only the noncoherent e-particles can be observed
in the electron microscope while the coherent
particles are not visible. As long as particles are
sheared the electron micrographs show that
dislocations are formed at grain boundaries and
move through the crystal with small curvature
(Fig. 5).

At a mean particle radius of about 30 to 40 A
the dislocations start to bypass some of the
largest particles. The curvature increases and at
still larger particles sizes the emission of new
dislocations at particle interfaces was observed
(Fig. 6) [3, 8]. These dislocations form at the
incoherent portions of the interface. It is likely
that this occurs by a similar mechanism as
formation at grain boundaries; however, the
maximum radius of curvature of the dislocations
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Figure 5 Interaction of particles and dislocations at
0.4% plastic deformation: partial cutting and bypassing.
Heat-treatment: 100 h, 500°C.

is limited to that of the particle.
The role of grain boundaries at the beginning
of plastic deformation was also observed.

Condition 1: Dislocations start to form at
grain boundaries (Figs. 5 and 7). These dis-
locations pile up in the interior of the grain. Both
observations are in agreement with the fact that
the grain-size dependence follows the Petch-Hall-
relationship.

Condition 2: In this condition an intermediate
behaviour is observed. In a few cases particles
act already as dislocation sources and the
tendency to form dislocation pile ups is
decreased, because dislocations are impeded by
larger particles.

Condition 3: Dislocations are produced in large
numbers by particles. Emission of dislocations at
grain boundaries becomes negligible. The dis-
locations are very evenly distributed in the
grains and no pile ups are observed. In this
condition the yield stress was independent of
grain size.

4. Discussion

The experimental results have shown that for the
age-hardened conditions at which the particles
are sheared an additive behaviour of particle
hardening and grain-boundary hardening occurs.
This indicates that for. these conditions the basis
for the application of the Petch-Hall-relationship



MECHANICAL PROPERTIES OF AN AGE-HARDENING Fe-1% Cu-ALLOY

-

--1_
&

Figure 6 Dislocation loops at large particles at 0.4%
plastic deformation. Heat-treatment: 100 h, 600°C.

is unchanged. Contrary to this is the situation for
large particles. The independence of yield stress
from the grain size indicates that precipitation
hardening has led to a qualitative change of the
behaviour of the alloy. In order to explain this
it is necessary to consider the yield stress not only
as a function of grain size but also as a function of
dislocation density.
The Petch-Hall-relationship

oy = g + kyD-12 %)

gives the amount of grain-boundary hardening
if the condition of the grain boundaries and,
therefore, ky is not changed as a function of

grain size. All other contributions to the yield
stress except grain size are contained in oy

There is a defined relationship between grain
size, D, and dislocation density, p. If we con-
sider a constant amount of deformation ey at
the yield stress, then it follows that

ey = b'pyA ®)

Figure 7 Generation of dislocation loops at a grain
boundary at 0.4% plastic deformation. Heat-treatment:
1 h, 500°C.

where b is the Burgers vector and A the average
path of travel of a dislocation. If this path of
travel is equal to the grain size, it follows that

ey =bpy D. )

On this basis, Equation 7 can be also written as
a function of dislocation density which is a
function of grain size, py = f(D) for a given
amount of strain [11]:

oy = 0y + aGbpy'? = o,
a6y1/2 Gb1/2
D1/2

where « = 0.5, ..., 1 for «-Fe [12, 13].
Equation 10 indicates that under these con-
ditions the grain-size dependence of Equation 7
still holds. ky only contains the plastic strain ey
as a variable: ky = aey/? Gb12,

If we consider the formation and motion of
dislocations as a consequence of the applied
stress at the yield stress [14], from Equation 10
a value of py can be obtained. This is the dis-
location density which has formed at the grain
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Figure 8 Influence of dislocation density and grain size on the yield stress of an alloy containing two types of

dislocation sources.

boundaries and travelled a distance D at the
yield stress ay.

pyloy) = (oya(—;boo) = pp * (1D

In this case it is assumed that no additional
dislocation sources are active and that the
motion of the dislocations is not impeded
between the grain boundaries. If this condition
is relaxed, i.e. if dislocations of the density ps
can be formed from additional sources, a second
term must be included in Equation 11:

’

’ Oy — 0Og 2 ’
pyloy) = ~Gb + ps(oy’) = po + ps
(12)

If ey is constant and the path of travel D is
constant, then

PY(Uy) = Py(oy/)
and

oy <oy = gy + kyD12

(13)

and therefore oy’ is not proportional to D172,
Another assumption is that o, is not changed
due to the additional dislocation sources. It
follows from Equation 12 that for a certain
grain size the yield stress oy’ becomes smaller
than oy due to the additional dislocation sources.
For a quantitative treatment it is necessary to
know the number ps(cy") of dislocations genera-
ted from the additional sources which can be
activated at a certain stress. This function is
indicated qualitatively in Fig. 8 as pp(oy’) where
particles act as additional dislocation sources.
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For our special case it was assumed that at a
certain stress only the largest particles are able to
produce dislocations. If the external stress is
increased further even the smaller particles can
become active as dislocation sources. At present
no quantitative treatment exists of the emission
of dislocations at noncoherent interfaces. The
discussion is therefore only possible on a qualita-
tive basis.

We have assumed in Equation 13 that A = D
is constant, if sources additional to the grain
boundaries become active. This assumption will
not hold in reality. If noncoherent particles are
able to produce dislocations the path of travel of
the dislocations in the interior of the grain will
be increasingly impeded by dislocations which
have originated in the same way from other
neighbouring particles. This leads to the con-
clusion that parallel to the increased number of
additional sources there will be a decrease in the
mean free path of travel of the dislocations. On
this basis the discussion of the behaviour of the
alloy in the transitional range II is possible. The
Petch-Hall-relationship will be valid in the whole
range of grain sizes in which the average free
path of travel A is not smaller than the smallest
grain size. If, however, A becomes smaller, a
grain-size dependence of yield stress will be
expected for all grain sizes which are smaller
than A. For all grain sizes larger than A the
independence of yield stress from grain size will
be expected.

Another consequence of the increased number
of the additional sources in the interior of the
grain and the decrease of the path of travel of the
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Figure 9 Grain-size dependence of tensile strength in different precipitation conditions.

dislocations is that the yield stress of the alloy
can be either decreased as indicated in Equations
12 and 13 or increased if the decrease in the path
of travel is dominating. It cannot be decided from
the present result which effect is dominant.

Independent of these considerations, the
conditions for £ = 0 should always follow for the
condition that the number of the additional
sources is much larger than that of the original
grain boundaries and that the path of travel is
much smaller than the grain size.

Finally, some additional data from the tensile
tests are reported. In Fig. 9 the dependence of
tensile strength of grain size is plotted for the
ageing conditions mentioned above. It indicates
that the independence of grain size of the over-
aged alloys is not observed for the tensile
strength. An interpretation of these data is
difficult because it requires the consideration of
the work-hardening behaviour which again
varies widely as a function of the ageing con-
dition [8}. The same is valid for the uniform
elongation. There was no measurable difference
observed at room temperature for the specimen
with different grain sizes. The minimum elonga-
tion was always observed at an ageing period a
little longer than that required to produce
maximum yield stress (Fig. 3). An investigation
of the fracture behaviour of the alloy as a
function of the parameters discussed here and at
temperatures below room temperature scems to

be the most useful direction in which this work
can be followed.
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