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The behavior of precipitation hardening in two types of Fe~Cu alloys has been investigated by means of
mechanical tests as well as small angle neutron scattering measurements. The integrated intensity increased
first and reached a constant corresponding to the completion of precipitation reaction, while particle radius
increased monotonically with aging time, where Vickers hardness and yield stress increased and reached
maxima, then decreased. The interaction force with a dislocation due to each precipitate was very small
compared with the force by the Orowan mechanism. After discussion based on three possible mechanisms
in terms of coherency strain, elastic modulus change and interfacial energy, the strengthening was suggested
to be caused from the coherency strain effect. The first increase of yield stress during aging is attributed to
the growth in size of clusters and the decrease of yield stress after the maximum is mainly related to the
decrease of number density of precipitates. It was found that the loss of coherency with the matrix greatly
lowers the strengthening effect, whereby the structure of precipitates changes from bce to fce during aging.
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1. Introduction

Since the precipitation phenomenon in the Fe-Cu alloy
was first reported in 1958, the details of structural
change as well as mechanical properties have been
investigated by many authors.?~® It has been made clear
that bec metastable copper-rich clusters first precipitate
from supersaturated « iron and then transform to
e-Cu(fcc) phase when they grow beyond a critical size.
Copper-rich precipitates are spherical at the early stage,
but their shape changes to rod or ellipsoid due to the
strain energy term. The interrelation between hardness
and microstructure have been investigated®* and the
mechanism of precipitation hardening was discussed.>
As pointed out by Russel and Brown,> the high work-
hardening rates expected at the overaging condition
were not observed in the present iron—copper system.
They proposed a theory based on an interaction between
matrix slip dislocations and obstacles with lower elastic
modulus than the matrix materials, which was able to
account for both the observed yield strength and the
work hardening behavior. However the relation of their
theory with respect to internal structure of precipitates
and its change during aging was not explained.

From a practical viewpoint, copper-rich precipitates
were reported to induce embrittlement in the pressure
vessel for the atomic reactor.® On the other hand, the
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age-hardenable copper bearing steel has been developed
as a high strength steel with excellent performance
for low-temperature toughness and hydrogen induced
cracking resistance. %1V

Since the mechanism of precipitation hardening is not
yet clearly understood, especially in the microstructural
aspect, a more quantitative information on the inter-
action between dislocation and precipitates is essential
for designing high performance steel. In our previous
papers,®!? the structure of precipitated alloy and its
change during aging were investigated in Fe—~Cu binary
alloy and the effect of nickel and manganese addition
on the microstructure evolution was determined. Here,
in order to elucidate the mechanism of precipitation
hardening in the present Fe-Cu alloy systems, mechani-
cal tests and small-angle neutron scattering (SANS)
measurements were carried out. With the aid of structural
parameters determined here, the interaction of disloca-
tion with precipitates was analysed in detail.

2. Experimental Procedure

Two types of Fe-Cu alloys were used in the present
study; their chemical composition is listed in Table 1.
Hereafter these alloys are referred to as binary and
quaternary, respectively. After forging and hot-rolling,
small pieces with dimensions of 2.7x10x 100 and
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Table 1. Chemical composition in at% of Fe-Cu alloys used here.

Sample name C Si Mn P S Cu Ni Al Ti N B (6]
Binary 0019 0002 001 — 0.014 1.17 — 0.015 —_ 0.005 — 0.01
Quaternary 0.0061 0.024 0.25 0.031 0.007 1.41 0.27 0.114 0.053 0.0052  0.0021 —
2.7x10x30mm?* were prepared for tensile test and e
SANS measurements, respectively. After the specimen 2507 A 1
was solution-treated at 1123K for 10.8ks in the « ><O\O
primary phase region, it was quenched into ice water. /g ©
Specimen were isothermally aged at 773 and 823 K. 2 £ b
The tensile test was carried out using the Instron-type 5 2001 ]
testing machine; 0.2 % proof stress and tensile strength é N
were measured. In this paper 0.2% proof stress is re- ”
garded as .yicld stress. Vickers hardness was measured E e -L419%Ch -0.27%Ni -0.25%Mo
on the polished surface after aging. = 1s0r / o 713K 7
SANS measurements were performed using the - g A 823K
KENS-SAN facilities of National Laboratory for High ) Fe -1.17%Cu
Energy Physics, KEK. The details have been reported o T3 K
elsewhere.® Scattering intensities were measured by a IOOASE/" T 1('); BT 1(')5 T

two-dimensional position sensitive detector in the
scattering vector (| Q|=4nsin#/1) range from 0.06 to
3nm~!. In general, the scattering intensity is composed
of both magnetic and nuclear components for a
ferromagnetic material. To separate the two contribu-
tions, the external magnetic field of about one tesla was
applied in the horizontal direction perpendicular to the
incident neutron beam. The SANS measurements were
carried out at room temperature and using the same
specimen, Vickers hardness was measured.

3. Experimental Results

Figure 1 shows the change of Vickers hardness as a
function of aging time for the specimens aged at 773 and
823'K. Peak hardness appears earlier, when the specimen
was aged at the higher temperature. When aged at the
same temperature, peak hardness became higher for the
quaternary alloy. As reported by several investi-
gators,>*>%13) the time reaching peak hardness was
found to be between 7 and 20 ks for specimens containing
0.79 to 1.48 at% Cu, when aged at 773 K.

Figure 2 shows the change of yield stress as a function
of aging time for the specimens aged at 773 and 823 K.
Their behavior is very similar to the change of hardness.
The relation between Vickers hardness in units of kg/mm?
and yield stress in units of MPa was examined by
comparing the experimental data in Figs. 1 and 2. The
correlation between them is clearly seen in Fig. 3 as
expressed in average by the equation, ¢,=2.7H,— 140.
The reported data® are also plotted in this figure for
comparison, where the ferrite grain sizes were reported
to be 40 um. Using this relation, the yield stress is
hereafter estimated from Vickers hardness for the present
discussion.

SANS intensity provides structural information on
precipitates as described previously in detail.®!? The
neutron scattering intensity consists of both magnetic
and nuclear components for the ferromagnetic specimen
containing paramagnetic particles. By applying a strong
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Fig. 1. Change of Vickers hardness as a function of aging time
for Fe-Cu binary and quaternary alloys aged at 773

and 823 K.
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Fig. 2. Change of yield stress as a function of aging time for
Fe-Cu quaternary alloys aged at 773 and 823K.

magnetic field to the specimen, it is possible to separate
these two components. The magnetic scattering compo-
nent is suggested to be directly related to paramagnetic
particles, namely, copper-rich clusters.!? The scattering
intensity has been analysed by assuming the precipitated
structure in which Cu-rich spherical clusters per unit
volume distribute randomly in the matrix with number
density of N,. Then the magnetic scattering intensity
(dZ/dRQ)uag is given by the equation;

az 4 2
(d—Q>MAG=(AP)§ch P f F(R)<?%R3) | B(RQ)I*dR,

where 4py,g is the difference in the magnetic scattering
length density between matrix and cluster, F(R) is the
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Fig. 3. Correlation between Vickers hardness and yield stress

for Fe-Cu quaternary alloys aged at 773 and 823K
where the closed circle is the value for the as-quenched
state.
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Fig. 4. Aging time dependence of Guinier radius for Fe~Cu
binary and quaternary alloys aged at 773 and 823 K.

size distribution function, R is the cluster radius and
@(QR) is the form factor for a cluster.

Guinier radius can be obtained from the Q-dependence
of SANS intensity, which is an average value of cluster
radii. Figure 4 shows the aging time dependence of
Guinier radius. In the quaternary alloy, the radius in-
creases with aging time and tends to saturate at longer
aging time. For the binary alloy, on the other hand, the
aging time dependence differs. The radius tends to
increase, being proportional to (time)'/3, when the
specimen was aged for a time longer than 3.6 ks. Another
kind of radius, Porod radius (R,) is important for
discussing the size distribution of precipitates. The
statistical meaning of the Porod radius was explained in
our previous paper'? and can be experimentally deduced
from the Fourier transform of SANS intensity. The result
of R, for the specimen mentioned above was already
reported previously.!?

Figure 5 shows the integrated intensity (Z,) for the
quaternary specimens aged isothermally. It is propor-
tional to the volume fraction (V) of precipitates, when
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Fig. 5. Aging time dependence of the integrated intensity for
Fe-Cu quaternary alloys aged at 773 and 823 K.

Adpuac remains constant. After rapidly increasing in a
short aging period, the integrated intensity became
constant (Z,°), indicating that the precipitation reaction
had been completed. When this saturated volume fraction
is expressed as V°, it is approximately given by the
equation:

Vo xCu,o - xCu,m
=
xCu,p_xCu,m

where x, , is mole fraction of Cu component in the alloy,
and xc, , and X, , are the value in the precipitate and
the matrix, respectively. Then, the volume fraction at
any time is given by V,=V(Z,/Z2).

The size distribution function (F(R)) for precipitates
has been assumed to obey a log-normal size distribution
as discussed previously,® which is given by the equation:

1 /InR—Inpu\?
exp[——~2—(——~~Tmr >],....(3)

where p and ¢ are the mean radius and the standard
deviation, respectively. These two size parameters are
estimated from the experimentally determined Guinier
(Rg) and Porod (Rp) radii by using the following

equations:
14 R
=exp| InRg——1In[ =51,
g p[ °9 <R>}

el (]

Using these two relations, the mean radius and the
standard deviation have been numerically evaluated as
shown in Fig. 6. The radius increased with increasing
aging time, while the standard deviation remained
constant over the whole aging time. As mentioned in the
previous report,® nevertheless clusters have either bec or
fec crystal structure, they obey the same size distribution.

As an average structure, the volume fraction is
expressed as a function of mean radius and number
density of precipitates as

1
F(R)= ———
2rRIno

V,=—nu’N,

pP?
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Fig. 6. Change of mean radius (¢) and standard deviation (o)
as a function of aging time for Fe~Cu quaternary alloys
aged at 773 and 823K, where the log-normal size
distribution is assumed.
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Fig. 7. Change of three dimensional interparticle distance (L)

and number density (NV,) of precipitates as a function
of aging time for Fe-Cu quaternary alloys aged at 773
and 823K.

where the number density N, is given by the equation:

where x is \/ 2, when precipitates are closely packed with
interparticle distance L,. Figure 7 shows the change of
L, and N, as a function of aging time. In the short aging
period, the number density was high, but decreased
rapidly during aging. The interparticle distance became
larger with increasing aging time, indicating that the
coarsening process takes place, while the standard
deviation remained constant as shown in Fig. 6.

4. Discussion

Knowledge on the precipitated structure of the present
alloy systems is summarized in the following. Several
attempts have been made in order to determine the
chemical composition in clusters of nm size. Worrel
et al'® found by field ion microscope-atom probe
(FIM-AP) analysis that the precipitates in the over-aged
specimens contain less than a few % iron. The SANS
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Fig. 8. Change of yield stress as a function of mean particle
radius for Fe-Cu quaternary alloys aged at 773 and
823K.

/ nm

data of Kampmann and Wagner'® suggested that all
precipitates larger than lnm are pure copper. As
reported,® the chemical composition of the precipitates
was pure copper in the Fe—Cu binary alloy. In the
quaternary alloy, the segregated layer enriched by Ni and
Mn was found to be formed around fcc copper-rich
precipitates by means of FIM-AP and SANS tech-
niques.t?

Homogeneous nucleation of bcc clusters occurs
preferentially in the matrix as suggested by Hornbogen.”
These bee clusters grow in size and transform to fcc e
precipitates beyond a critical size, at which loss of
coherency occurs. The critical radius was reported to be
1.6 nm from the classical nucleation theory,’? and to be
about 4.5% and 2.5 nm*> experimentally. Precipitates are
spherical at the early stage, but their shape changes to
rod? or ellipsoid*? due to strain energy term, when their
particle radius exceeds about 15nm.

Figure 8 shows the relation between yield stress and
mean radius, where 40,=0—0,, ¢, and 0, ¢ is the yield
stress for the as-quenched specimen. The maximum yield
stress appears at 1.2-1.7nm. The change of yield stress
might have a complex structure dependence, because it
is a function of particle size, interparticle distance, change
of internal structure and so on. Youle and Ralph'®
observed peak hardness at 21.6 ks for the Fe-1.5at%Cu
alloy aged at 743K, where they estimated an average
radius of 1.8 nm. Also, Goodman et al.!® reported that
the mean radius at maximum strength is about 1.2nm.
Buswell et al.? found the mean radius of 2 nm for peak
hardness when the Fe-1.14at%Cu alloy was aged at
823 K. The present experimental data are therefore found
to be in reasonably good agreement with those reported.

In order to understand the microstructure dependence
of yield stress, the mechanism of interaction between
dislocation and precipitate will be discussed in the
following. The important thing is that the present
structure analysis showed an average structure consisting
of many particles with size distribution and the
mechanism will be discussed on statistics.
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4.1. Interaction Force with a Dislocation due to an

Obstacle

When a glide dislocation encounters an array of
obstacles, it bows out with a curvature between two
obstacles. According to Brown and Ham’s analysis!”
based on Foreman and Makin’s numerical solution, the
critical shear stress at which a dislocation can move a
large distance through an array of obstacles is a function
of the obstacle spacing (L) on the slip plane and the
critical angle (¢,). The shear stress is given by

16T
e bi cos(";), 6. <100°, ......(10a)
2T 6.\ T2
=2 cos( P} [ 4.>100°, ... (100
! bL[ S( 2 )J ? (100)

where T is the line tension and » Burgers vector. When
the three dimensional interparticle distance among ob-
stacles is given by L, as defined from center to center,
the two dimensional obstacle spacing (L) on the slip
plane is given as

1/6
L=<-L> L-2 |2y,
12V, 3

where p is the average radius of obstacles. In the present
discussion, the distances, L and L, are measured as
average values. The angle ¢, is a measure of the strength:
a weak obstacle can be overcome with a large angle
(¢~ 180°), whereas strong obstacles can be overcome
unless the dislocation practically doubles back on it-
self (¢.~0). When ¢.=0, the stress t=1.6T/(bL) is
corresponding to the Orowan stress. The critical angle
can be estimated experimentally as follows. The line
tension is taken as equal to its energy, that is, T=Gb?/2.
When the effective Schmid or Taylor factor (M) is 2.5
for the bee polycrystalline specimen,® the critical angle
can be solved uniquely from the yield stress. Figure 9
shows the change of critical angle as a function of aging
time. The angle was found to be large, nearly 180°,
indicating that the copper-rich precipitates are very weak
obstacles against dislocations.

The interaction force on a dislocation due to an
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Fig. 9. Aging time dependence of the critical angle (¢,) and
the interaction force (F) for Fe-Cu quaternary alloys
aged at 773 and 823K.
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obstacle is expressed by the equation:
F=2Tcos(P./2) . eevieereeinann.. (12)

Putting the experimentally-determined critical angle into
Eq. (12), it is possible to estimate the interaction force.
The results are shown in Fig. 9.

4.2. Mechanism for Weak Obstacle

The interaction between cluster and dislocation is
typically classified in two regimes'®: one is the so-called
cut-through mechanism, the other is the Orowan mech-
anism. When clusters are weak obstacles, the former
mechanism will preferentially prevail. There are several
mechanisms describing the cut-through behavior.

4.2.1. Coherency Strain Effect v

When particles with different atomic volume are
embedded in the matrix, a strain field is produced around
the particle and acts as an internal stress against the
movement of dislocation. According to Mott and
Nabarro,'® the internal stress due to the strain field is
expressed by the equation,

Fun=2Gb|e|*(b Vf,uz)l/3 )

where ¢ is the strain. Their theory is applicable to any
particles, regardless of their coherency with the matrix.
When the 6 (= (rc, —Fg.)/rr.) is the misfit of atomic radii,
Fco and rg,, between Fe and Cu, the strain is given as
3Ko
2E

1+v

&=
3K+

where K is the bulk modulus of precipitate, and E and
v are the Young modulus and Poisson ratio of the ma-
trix, respectively. Putting experimental data into these
physical parameters, ¢ is estimated to be 1.7% for the
Fe—Cu binary system. It should be noted that the Young
modulus of copper is about 1/2 of that of iron. Figure
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Fig. 10. Particle radius dependence of the interaction force,

where Fgy and Fyy are the theoretical values due to
the coherency strain?® and the elastic modulus ef-
fect,™ respectively.
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10 shows the mean radius dependence of the interaction
force. When the volume fraction, V, is 0.012, the force,
Fyn is estimated to be 0.59 x 107N for the average
radius of 2nm, which is smaller than the experimental
values. Therefore, Mott and Nabarro’s theory is in-
adequate to explain the present experimental data.

Gerold and Harberkorn proposed a theory,?® more
precisely concerning the strain field around the coherent
particle with the matrix. The force of interaction with
dislocation due to a coherent particle with radius p is
expressed by the equation:

Feu=3Gb| o | [l weovoommereermmrerees (15)

where &, is the coherency strain. As a first ap-
proximation, &, is given by Eq. (14). Here, the nu-
merical result of Eq. (15) with ¢.,=1.7% is plotted,
and is found to be larger than the experimental data.
This suggests that the force, Fgy can be fitted with the
experimental data, when ¢, becomes smaller.

4.2.2. Elastic Modulus Effect

According to Russel and Brown,» the interaction
between a dislocation and an obstacle of shear modulus
lower than the matrix generates an increment of stress
for dislocation motion. As this model was based on the
difference of shear modulus, it might be called the elastic
modulus effect for precipitation hardening. According to
their model, the equivalent expression for the force of
interaction, Fgp is given by the equation:

FRB=Gb2[1—E—f]m .................. (16)
E? ’
with
B ES-EP WGyr) a7
E, EF  In(A[r,)

where E° is the line energy of the dislocation inside the
precipitate of infinite volume and E5° its energy in the
matrix; 4 and r, are the outer and inner cut-off radii,
respectively. The size effect on the force is implicitly
included through the change of ratio E,/E,. As shown
in Fig. 10, Fgyy is zero at u=r,=2.5b and increases
logarithmically with increasing particle radius.

4.2.3. Chemical Effect

This term is used for the effect occurring from creation
of a new interface area during cutting of the dislocation
through the particle. The interaction force is given by
the equation,

Fap=29b worreerorrreeemimrerrinn (18)

where 7, is the interfacial energy. It is independent of the
particle size. Using the value for the non-coherent
interface as y,=0.6J/m? by Goodman et al.,'® Fcg is
evaluated to be 0.3 x 10™°, which is very small compared
with experimental data as shown in Fig. 10.

4.3. Reconstruction of Yield Stress

Here, we try to explain the yield stress based on the
elementary processes of interaction between dislocation
and obstacle. As shown in Fig. 10, the interaction force
due to the elastic modulus effect increases with increasing
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Fig. 11. Particle radius dependence of the coherency strain (g)
together with the fraction of bec clusters.

mean radius, but it is always larger than the experimental
data. It is known that the chemical composition inside
precipitates is almost pure copper over the whole range
of aging time examined here. In such a case, there is
no positive reason to support the continuous change of
shear modulus of the precipitate during growth in size
as given by Eq. (17). Therefore the elastic modulus
effect is suggested to be less effective in the present alloy
system.

As shown in Fig. 10, the interaction force due to
coherency strain effect is very large, when the coherency
strain was assumed to be 1.7 %; this is a theoretically
estimated value. By fitting Eq. (15) to experimental data,
the coherency strain can be experimentally estimated.
Figure 11 shows the mean radius dependence of the
thus-determined coherency strain. The strain decreases
with increasing radius. This can be reasonably extrap-
olated to the theoretical value of 1.7% on the vertical
axis. During the phase decomposition, bcc clusters
grow in size and transform to fcc phase beyond a crit-
ical size. Here, the fraction of bcc clusters (f..) in the
size distribution is estimated using the equation:

fbcc=h°—= J F(R)dR / J F(R)R . .....(19)
N, P 0 0

where N, .. and N, are the number density of bec and
total clusters, respectively. According to the calculation
based on the classical nucleation theory,'? the critical
size r, is reported to be 1.6 nm, where changes of Gibbs
energy due to formation of both bcec and fec clusters
become identical. Putting the standard deviation to be
1.35, the fraction is numerically evaluated as a function
of mean radius as shown in Fig. 11. The experimentally
determined interaction force is an average for numerous
precipitates. When obstacles lose coherency by phase
transformation, the strengthening effect is reduced. So
the apparent interaction force may decrease gradually
depending on the decrease of bece clusters.

All precipitates transform to fcc phase beyond about
3nm as seen in Fig. 11. According to the coherency strain
theory, the strengthening will be reduced. In fact,
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however, there remains an elastic strain field around
the non-coherent precipitates, even after it is assumed
to be at most relaxed by interfacial dislocations. Unfor-
tunately there is at present, no exact theory to treat
the strengthening by non-coherent weak obstacles. When
this residual strain field around non-coherent precipi-
tates is given by é,.,..0n the coherency strain effective
on the strengthening is proposed to be expressed as

& =fbcc£coh + (1 *fbcc)snon-coh L A (20)

Using this relation, the continuous change of coherency
strain in Fig. 11 is well explained. It is particularly
suggested that the strengthening due to fcc precipitates
is also related to the coherency strain effect through a
small residual strain field around non-coherent pre-
cipitates.

As shown in the present study, the interaction force
due to individual precipitate increases gradually during
aging, while the number density of precipitates decreases
two orders of magnitude. Therefore, it is concluded that
the first increase of yield stress as seen in Fig. 2 is at-
tributable to the growth in size of clusters, but its de-
crease after the maximum is mainly due to the decrease
in number density of precipitates. During this course,
the loss of coherency at the interface lowers greatly the
strengthening effect. As seen in Figs. 10 and 11, the
difference on the interaction force and the coherency
strain between the binary and quaternary systems is very
small. It is suggested that the segregated layer is elastically
similar to the matrix, while the precipitate has a lower
Young modulus than the matrix.

5. Conclusion

The behavior of precipitation strengthening in two
types of Fe—Cu alloy was investigated by means of
mechanical tests as well as SANS measurements. The
integrated intensity increased first and reached a constant
corresponding to saturation of precipitation reaction,
while particle radius increased monotonically with aging
time. During aging at temperatures of 773 and 823K,
Vickers hardness and yield stress increased and reached
maximum, then decreased. With the aid of structure
parameters determined here, the interaction force with
a dislocation due to individual precipitate was evaluated
and was found to be always less than 30 % of Orowan
force over the entire aging period. To explain this weak
interaction force, four possible mechanisms represented
by the keywords of misfit strain, coherency strain, elastic
modulus change and interfacial energy have been
examined. As a consequence, the strengthening was

suggested to be caused from the coherency strain effect.
The first increase of yield stress during aging is attributed
to the growth in size of clusters and its decrease after
the maximum is mainly related to the decrease in number
density of precipitates. The loss of coherency with the
matrix was suggested to lower greatly the strengthening
effect, whereby the structure of precipitates changes from
bee to fee during aging.
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