4 Influence of Low Amounts of Oxygen on the Hot Flow Stress of Fire-
Refined 99.9% Pure Coppers

4.1 The Residual Composition

The influence of residual elements on the hot flow of 99.9% pure fire-refined
coppers remains a field of research. The deleterious effect of Bi, H, Pb, S, Se, Te and Sb
has been reported earlier [1,2,3,4,5,6,7]. The use of fire-refined coppers containing
detrimental quantities of these elements is now avoided. The phosphorus used during
the melt to deoxidize helps prevent embrittlement after soldering. Phosphorus (in
contents of ~300 ppm) also reduces the edge cracking effect during hot rolling in the
presence of Te [8]. A content of more than 50 ppm of Bi would cause hot rolling
problems in the same manner as Te. Contents of Pb appear as globular shape or waxing
moon shape inclusions and whose beneficial [5,9,10] or harmful [2,11] effects still need
to find a compromise. Some researchers [12,13,14,15] have argued that upon a certain
content of oxygen (much higher than in the present work) the Cu,O particles or
inclusions (~4um) segregate to the grain borders causing voids and cracks during hot
working. Coppers with lower oxygen content had been presumed [16] to have oxygen in
an interstitial form. The effect of inclusion size particles has been theorized by other
researchers [17,18], however failures by void nucleation and coalescence are of no
concern for the isolated inclusions found on the fire-refined coppers in this study. When
S is kept below ~20 ppm [4] and the residual elements mentioned before are controlled
then a fire-refined copper can present desirable hot flow characteristics. The end
mechanical properties of a fire-refined copper can be optimized if the influence of the
oxygen content and other residual elements is understood.

Early on researchers [3] had reported the strengthening effect of small quantities
of oxygen in copper. Later at higher temperatures a reduction on the creep rate as
oxygen contents increased was also noticed [19]. More recently Fujiwara [20] and Gao
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Fig. 4.1. A comparison of the hot flow curves at 750°C and 900°C shows that at the
lower test temperatures the flow stress differences between the three coppers are
considerable.
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[21] using high purity coppers indirectly demonstrated that higher oxygen content was

responsible for a higher hot flow stress. It was also demonstrated [21] that higher
oxygen contents promoted a finer microstructure after dynamic recrystallization.
However the latter works attributed the strengthening to solute atom interactions with
dislocations. Prediction models commonly deal with this higher than expected
strengthening by changing the apparent activation energy without addressing the
strengthening mechanism separately. This part of the study addresses the observed
hardening [22] when higher oxygen content is present in a fire-refined copper (see
fig.4.1). A hardening that cannot be produced by inclusions (whatever their
composition) or by interstitial oxygen. Some fire-refined copper users speculated of the
presence of other precipitates besides copper oxides, but this study with these coppers
reaches a better understanding. Later on another chapter a contribution is made
concerning the role of residual elements during dynamic recrystallization conditions.

4.2 Precipitation Hardening during Hot Flow: A Back Stress

Rate equations describing the stress dependence on temperature and strain rate
have been proposed [23-26] ever since Garofalo [27] showed that a more general
equation was able to describe potential law creep (intermediate to low stress levels) and
also exponential law creep (high stress levels). Frost and Ashby [28] proposed

D, uib
kT Y7,

which acknowledges the role of self-diffusion, but also reflects the temperature
dependence of the shear modulus. Equation 4.1 expresses the shear strain rate, 7, in

terms of shear stress, 7, temperature, 7, the effective diffusion, D, ., the shear

eff
modulus, u, the Burgers vector, b, and, the Boltzmann’s constant,k. A, is a

material’s constant, which needs to be determined. The exponent n) describes the
power law and «; prescribes the stress level at which the power law breaks down.

Earlier studies on high temperature creep lead to consider that the activation
energy for creep in metals was equivalent to the activation energy for self-diffusion,
QOsq, which ultimately controlled the deformation process [29]. Recently using a model
similar to that employed in creep [30] where stresses due to other obstacles to
dislocation movement were treated separately, Cabrera et al. [31-35] have proposed

{ﬁ@)r _ Asinh{o{%}} . 4.2)

Hereby reducing the discrepancies, which are commonly observed during the
determination of constants in eq. 4.1 when the recovery process is affected by another
hardening mechanism such as precipitation. Other researchers [16, 21, 26, 36-38] have
opted to use an apparent activation energy when other hardening mechanisms become
present instead of examining individual strengthening contributions separately.
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On eq. 4.2 the self-diffusion coefficient, Dss( T ), normalizes the strain rate, &,
and a constant exponent of 1/5 is supposed for most metals [23, 39]. Frost and Ashby
[28] defined the diffusion coefficient as

—Qu
D\T)=D,, exp| —*
(1)=D, x| =2
where Q,,=197000J/mole is the lattice self-diffusion activation energy and D,, is a pre-
exponential constant equal to 2.0 X 10°m?/s for copper lattice diffusion. The material
constants 4 and « are determined through a non-linear regression analysis of the strain
rate, temperature and stress data. Frost and Ashby [28] also defined the shear modulus

as
T-300) T du
T)= 1+ 2
)12 )

where T, = 1356K for copper, the temperature dependence of the modulus is
(T du/ 1,dT) = -0.54 and, the shear modulus at 300K is s = 4.21X10"MN/m’. As is

known v = (E-2pn)/(2n) where a constant Poisson’s ratio of v = 0.33 can be assumed.
The elastic modulus as a function of temperature for copper is then expressed as

E(T)= 2.66/10[1 + [T _Tjoo)[z'zf;j].

The term (o - 0,) on eq. 4.2 assures that only the stress contribution belonging to the
metal matrix may be the one corrected by the elastic modulus as a function of
temperature, E(7). As a consequence the stress required to deform pure copper is

Ocy = O0- Oy (43)

where the registered stress o on a precipitation strengthened material is the sum of the
stress corresponding to the matrix (oc, in the present case) and a back stress o, coming
from the extra energy required by dislocations to loop or cut obstacles. When no other
strengthening mechanism is present the activation energy for self-diffusion, Oy, can be
used, as the activation energy required for deformation [29]. As has been demonstrated
earlier [40] the hot flow behavior of Cu A, which is practically precipitation free, can be
easily predicted employing eq. 4.2 and Q,s. Cu A with only 26ppm of oxygen behaves
like a large-grained high purity copper thus, the registered stress, o, of eq. 4.2 is equal
to the registered stress for Cu A in the absence of a back stress, oc, = 0 = ocu.
Equation 4.2 can then be rearranged to express the registered stress, o, as

(Dl el |
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Fig. 4.4. The graph from ref. [41] illustrates eq. 4.2 and the comparative method, which

helps determine the back stress, oy, for a given temperature, when the real or reference
curve of a pure metal is known.

In hot compression tests performed at constant strain rate, any of the
characteristic stresses (peak stress, o, or steady state stress o) can be substituted in for
the registered stress, o. Figure 4.2 shows the Levenberg-Marquardt procedure employed
while using commercial software (Origin) to determine 4, and ¢, which allow
predicting o,. The non-linear equation used during the fitting session was y = A4

sinh(ax) where y and x represented [£/D(T )]% and o, /E (T) respectively. Figure 4.3

shows the fitting procedure while determining 45, and &, which help describing oxs.
The same fitting procedure for Cu B with 46ppm of oxygen and Cu C with 62ppm of
oxygen does not produce a reliable correlation. The strengthening caused by the
precipitates at lower temperatures (below 850°C) prevent a normalization of the data
points by the self-diffusion coefficient, Dsy(7), and by the elastic modulus, E(7).
However as fig. 4.4 from ref. [34] shows there exists a comparative method through
which the back stress, o,, (sometimes called internal stress) can be calculated using the
apparent curve at each test temperature.
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Table 4.1. Values of A¢,4 and o, 4 at each tested temperature for copper A.

Acua for o, acuy for o, Acua for oy oy for oy
600°C 228 2146 251 2065
650°C 481 1526 840 1067
700°C 659 1215 1768 548
750°C 727 1012 2318 380
800°C 584 1232 1221 705
850°C 1267 587 1531 563
900°C 349 1994 689 1254
950°C 450 1567 876 973

Table 4.2. Values of A¢,5 and a5 at each tested temperature for copper B.

Acus for o, acys for o, Acus for oy, acup for oy
600°C 484 977 737 734
650°C 416 1124 807 712
700°C 541 1007 1119 588
750°C 334 1550 656 1029
800°C 479 1292 994 762
850°C 364 1670 849 905
900°C 657 1014 1194 673
950°C 270 2361 903 916

Table 4.3. Values of A¢,c and ac,¢ at each tested temperature for copper C.

Acuc for o, acuc for o, Acuc for o acuc for oy

600°C 139 1669 * *

650°C 273 1280 501 893
700°C 522 844. 1692 317
750°C 1853 291 3874 159
800°C 622 895 1256 543
850°C 415 1378 575 1212
900°C 428 1500 630 1245
950°C 672 999 1629 498

* No reliable fit was possible.

If instead of using a general value for 4 and & as shown for Cu A on figures 4.2
and 4.3, a value for A and o at each temperature can be found using eq. 4.2 and the
registered stresses for the three coppers (ocu4, ocus and ocyuc), which would enable to
increase the correlation coefficient, R?, at expense of the normalizing purpose of Dy(T)
and E(T). The reference or real curve is the one fitted using Cu A, which is subtracted
from the apparent curve, which is due to the strengthening created by the precipitates
formed at a particular temperature. Tables 4.1, 4.2 and, 4.3 show the values obtained
after fitting for A and o using the peak stress, o,, and the steady state stress, o, for
each of the three coppers. These values allow a mathematical description of the added
back stresses

Oo CuB = OCuB — OCud (45)
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and

Oo CuC = OcuC — OCud (4.6)
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due to the precipitation of Cu,O crystallites. Notice that Equations 4.5 and 4.6 express
the added back stress in terms of the strain rate at a constant temperature.

The back stress as an individual strengthening contribution and its dependency
on strain rate is shown in figures 4.5 and 4.6 for Cu B and Cu C respectively. The
graphs show the functions of the back stresses generated from the steady state stress, o,
ss» and from the peak stress, o, ,, at each tested temperature. The back stresses produced
at temperatures above 750°C are smaller and tend to disappear upon reaching 950°C.
An analysis of the back stress from figures 4.5 and 4.6 allow pointing out several
observations. As explained a comparison between coppers B and C show that at the
same temperature the back stress is always higher for the copper with higher oxygen
content. The back stress is strain rate sensitive like most other stress-related phenomena
at higher temperatures. At higher strain rates the back stresses become increasingly
higher (although a saturation back stress must exist). The difference between the peak
back stress, o, ,, and the steady state back stress, o, g, 1s largest at higher strain rates. In
most of the cases here presented, the steady state back stress is higher than the peak
back stress at faster strain rates and lower or equal to the peak back stress at slower
strain rates. The latter observation can be explained because at higher strain rates the
time, /&, is not sufficient for precipitates to fully develop. At slower strain rates the

back stress diminishes because the diffusion rate helps dislocations to climb or cross
slip with more ease, which allows overcoming obstacles such as the Cu,O precipitates.
A corroboration, which validates the back stresses calculated with equations 4.5
and 4.6 is that the values obtained for 4 and « using eq. 4.2 are almost equal to the
values reported [40] for copper A, the back stress free copper. Table 4.4 shows the
values of 4 and « of Cu B and Cu C after subtracting the calculated back stress. The
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Fig. 4.6. The additional stress or back stress present in Cu C due to precipitation of
CuzO.

Table 4.4. Values of 4 and « from eq. 4.2 after subtracting the corresponding back
stress described by equations 4.5 and 4.6. Similar values corroborate the procedure.

A for o, a for o, A for oy a for oy
CuA 438 1583 687 1209
CuB 437 1584 694 1199
CuC 437 1585 790 1079

values of 4 and o belonging to the peak stress equations are similar for the three
coppers, as happens for the values of A and a belonging to the steady state stresses. The
fitted data for Cu B is shown on figures 4.7 and 4.8 for the peak stress and steady state
stress, respectively. Figures 4.9 and 4.10 show the fitted data for Cu C. The small
variation
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of the parameters in table 4.4 and the normalization of the data points on the [¢/D(T )]%

versus (a -0, )/ E (T ) graphs validate the comparative method for determining the back
stress.

From another point of view the back stress, at lower strain rates, tends to zero
because dislocation motion is increasingly climb controlled due to the available thermal
energy per unit time. However, dislocation motion is glide controlled at higher strain
rates and, in the presence of precipitates dislocations are mostly obliged to by pass or
cut the obstacles. With the reduction of a dislocation climb mechanism, at a high
enough strain rate, the motion of dislocations is limited primarily by the waiting time
for dislocations to loop or cut the precipitates. The back stress would saturate at each
temperature and become strain rate insensitive. The strength of the precipitates, which is
dependent on the size and volume fraction at each temperature, would determine the
saturation magnitude of the back stress. On the other hand the stress registered during a
compression test remains strain rate sensitive, even at much higher strain rates [36].
When precipitation hardening occurs at room temperature, dislocation glide is the only
deformation mechanism present (diffusion enhanced dislocation climb is relatively less
important) thus a saturation point is reached and the added reinforcement due to
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precipitates is almost constant at any strain rate. Figures 4.5 and 4.6 show a portion of
strain rates where the thermal component of the back stress becomes predominant. The
other component of the back stress, which is athermal, can be evaluated supposing a
point of saturation at each given temperature and strain rate and then using
precipitation-hardening theories.

4.3 Precipitation of Cu,0O in Copper

The compression tests of coppers A, B and, C showed a considerable hardening
at 600°C to 750°C as the oxygen content increased (see fig. 4.1). Precipitation hardening
appeared to be the explanation. The finding of CuyO crystallites finally cleared the
question of which precipitate could be forming on these fire-refined coppers that also
contained several ppm of residual elements. Hence the Cu-O phase diagram [41] shown
on fig. 4.11 can be used to quantify the volume fraction of Cu,O particles, however
some assumptions need to be made. The concerned part of the Cu-O diagram should be
marginally affected by the other residual elements and by the stresses registered. The
precipitation volume fraction as a function of temperature can thus be obtained as
shown on fig. 4.12, using [42] a mean density of 6.0g/cm’ for Cu,O and 8.96g/cm’ for
Cu. The volume

°C Atomic Percentage Oxygen
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00 rggas T ' Ly | i
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Fig. 4.11. Part of the Cu-O phase diagram corresponding to low amounts of oxygen
from ref. [31]. The phase £ is Cu,O, which reduces in volume fraction as temperature
increases and reaches 1066°C. However the presence of impurities may alter the
formation of Cu,0.
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Fig. 4.12. Calculated volume fraction of Cu,0 in the three coppers versus temperature.

fraction reduction as the temperature increases reflects the behavior of the Cu-O phase
diagram when the mass percentage of oxygen is close to 0.0037. The maximum
solubility of oxygen in solid copper is 0.0037% in mass at 1066°C and decreases with
temperature. The excess oxygen forms Cu,O. The approximate volume fractions of
Cu,0 at 750°C, given the assumptions exposed above, are 1.77203 X 107, 4.30322 X
10 and, 6.32774 X 10™* for Cu A, Cu B and Cu C respectively.

4.4 Models for Discrete-Obstacle Controlled Plasticity

Physically based rate equations have been developed, which take into account
the strain rate produced when a density of mobile dislocations has an average velocity
controlled by the waiting time at obstacles [43]. However difficulties in quantifying the
dislocations’ average velocity lead to the creation of an expression containing the total
free energy, AF, required to cut or by-pass obstacles without the aid from external work
[44]. Frost and Ashby [28] reported on the progress of Evans and Rawlings [45], Kocks
et al. [44], De Meester [46] and presented

7 =7, exp —%[1—[}} } (4.7)

where

2
74 =ﬁ(1] fbo~10°57".
b\ u

On eq. 4.7 y describes the shear strain rate in terms of temperature, 7, and the resolved
shear stress, 7. The pre-exponential, 7,, can be considered as constant when AF' is
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large (as here). The mechanical threshold stress, 7, , is the flow strength of a solid at 0

K. Equation 4.7 is also known as the Mechanical Threshold Stress (MTS) Model [47].
When AF is large then the influence of exponents p and ¢ is minimum [28], and for
discrete obstacles p = g = 1. Table 4.5 shows the approximate values of AF and 7, in

the presence of various obstacles. A surprising fact is that 7, is proximate to the

theoretical yield stress increment, Az, predicted by Orowan [48] for strong

s
(incoherent) precipitates, ub/C. However, Gladman [49] has shown that Orowan’s
original relationship overestimates the observed added strengthening. Moreover Frost
and Ashby [28] mention two other problems encountered when applying eq. 4.7. The
Peierls-Nabarro force or lattice resistance masks the influence of eq. 4.7. Also when
using data obtained from polycrystals the appropriate Taylor factor should be My = 1.77
for f.c.c. metals according to Kocks [50] and not the familiar value of M = 3.07 given
by Taylor [51], Groves and Kelly[52]. Other researchers [53] have used the MTS model
to study high purity OFHC copper during hot flow, however the predictions miss the
experimental results by an amount similar to the stress differences in the coppers
investigated on this study. Equation 4.7 was not used during the present work because
of the poor correlation obtained when fitting for AF andz,, , and the uncertainty raised

when converting from a mono crystalline relationship to a polycrystalline relationship.
Instead the added strengthening observed during hot working was analyzed using
precipitation hardening relationships (adapted for higher temperatures) and supposing a
saturation back stress at higher strain rates. As with relationship 4.7 the precipitation
hardening relationships also require knowing whether the precipitate (Cu,O) is
incoherent (strong) or semicoherent (soft) and then depending on the particle size and
volume fraction the increase in stress can be predicted.

Table 4.5 Characteristics of obstacles as defined by Frost and Ashby [28] for eq. 4.7.

Obstacle AF Tox Example
Strength
Strong 2 ub’ > ub/t Dispersions; large or
Strong precipitates
(spacing )
Medium 0.2-1.0 ub’ ~ ub/t Forest dislocations,
radiation damage;
small or weak
precipitates
(spacing 0)
Weak <0.2 ub’ «ub/t Lattice resistance;

Solution hardening
(solute spacing ()
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4.5 Modeling Precipitation Hardening at Higher Temperatures

The interface of a precipitate can form a coherent, semicoherent and/or
incoherent union with the metal matrix. When calculating the stress increase due to
precipitates then the nature of the precipitate interface acquires an essential relevance,
because the nature of the union determines the type of analysis to follow. If the
precipitates can be considered semicoherent then the mechanism that explains the added
strengthening involves the waiting time for dislocations to cut the crystal lattice of the
second phase. On the other hand if the precipitates are incoherent then the added
strengthening is produced by the waiting time for dislocations to loop and in this way by
pass the obstacles. A higher stress is required for deformation in any of the two cases.
The added strengthening of a semicoherent precipitate will depend not only on the
“strongness” of the phase but also on the volume fraction present f, the average
precipitate size and the constrained misfit strain, &,. Precipitates that form a
semicoherent union distort the metal matrix around them creating a stress field, which
produces a greater strengthening effect [49] than would be expected from analyzing the
precipitates alone (at any stage of formation or in any type of agglomeration). The
added strengthening due to an incoherent precipitate can be predicted knowing the
volume fraction and the particles’ size. The theoretical coherency between the Cu,O
particles and the Cu matrix at room temperature can be calculated [54].

The coherency between planes of Cu,O and Cu will depend on the interplanar
spacings of the matching crystal planes and on the dilation of the lattice parameters with
a higher temperature. If unstressed interplanar spacings are first supposed then the
disregistry or misfit between two lattices (0) is defined by

deo—d
5 — Cu,0 Cu (48)
dCu

where d, , is the interplanar spacing of the matching Cu,O side and d, is the spacing

of the Cu side. When 6> 0.25 then more than one dislocation for every four interplanar
spacings would be needed to accommodate the union, but the dislocation cores would
then overlap and the interface cannot be considered as coherent [54], i.e. the precipitate
face is incoherent. Many of the interplanar combinations between Cu,O and Cu give a
misfit between lattices lower than 0.25, thus at room temperature Cu,O precipitates can
be considered semicoherent. The semicoherency of the newly formed precipitate
distorts the metal matrix and a new local lattice parameter a, appears. The in situ or

constrained misfit &, is defined by

a,. ,—da.
s = Cu,0 Cu (49)

m !
aCu

where a, , is 0.42696nm. Unfortunately the mean value of ¢, cannot be calculated

easily. At room temperature &, usually [54] lies in the range 0.56 < &, < 6. However

the use of such misfit strain values at higher temperatures predicts an unreasonably high
strengthening. The difficulty in calculating the misfit strain at the temperatures used to
compress the copper cylinders was overcome by an iterative approach, where several
misfit strains were supposed, each trial produced a stress increase curve, which in the
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Fig. 4.13. Plot from ref. [49] illustrates the effect of increasing the particle size while
using the “small particle” and “large particle” coherency strengthening equations 4.10
and 4.12. A maximum strengthening will be attained at the critical particle size, 7., and
the magnitude of this maximum will be dependent upon the magnitude of the fractional
coherency strain, &,, and the volume fraction of particles, f. The intersection of both
curves marks the critical particle size.

case of a given volume fraction of Cu,O the stress increase curve only depended on the
precipitate radius.

Gladman [49] arrived to a more plausible relationship between the critical
precipitate radius, 7., at which a maximum strengthening is reached and the misfit
strain, ¢, , by bounding the validity of strength increment equations applied to

m?

precipitates considered small and precipitates considered large. One solution [49] for
small semicoherent precipitates after applying a Taylor factor of 3.07 to convert from
shear stress to compressive stress is

AC sy = 12.587 g, (rf [b) . (4.10)

Equation 4.10 expresses the yield stress increase (MPa) in the presence of small
particles, Ao, , in terms of the shear modulus g, which is dependant on

temperature. The semicoherent precipitate radius is 7, the volume fraction of precipitates
is represented by f, and the Burgers vector is b . A solution [49] for large semicoherent
precipitates after applying the appropriate Taylor factor is

Ao

y(Large)

=2.149uf "¢, " (b/r)"* . (4.11)

Equation 4.11 only expresses the yield stress increase in the presence of “large”
particles. However by making equal the solutions for small (eq. 4.10) and large (eq.
4.11) semicoherent precipitates then one may arrive to
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1, o
r.=—be 4.12
c 4 m ( )

where the critical precipitate radius, 7., denotes the intersection of equations 4.10 and
4.11. Relationship 4.12 shows that the misfit strain is dependent on the particle size
regardless of the volume fraction. The plot on fig. 4.13 from ref. [49] shows that when
equations 4.10 and 4.11 intercept on a Ao, versus r plot then the maximum predicted

strengthening occurs for a given particle size and its corresponding misfit strain.
Equation 4.10 increases with increasing radius size, but eq. 4.11 decreases with
increasing radius size. When eq. 4.10 intercepts eq. 4.11 the rest of eq. 4.10 is
considered to lose significance and the equation that from then on predicts the increase
in yield strength is eq. 4.11.

The following analysis will demonstrate that at temperatures where an added
back stress was found, the coherency seems to obey incoherent precipitation hardening
relationships rather than the explained semicoherent hardening relationships. Figures
4.5 and 4.6 show the added back stress of two characteristic points of the hot flow curve
(the peak and the steady state). Figures 4.5 and 4.6 also show that the difference
between these characteristic points is not great at the strain rate of concern (0.3s™),
which can lead to believe that the increase in yield stress is of the same stress increase
happening on the rest of the points of the hot flow curve thus Ao, ~ o, at 0.3s™'. The

assumption that an increase of peak or steady stress can be compared to an increase of
yield stress is necessary, because measuring the yield stress from hot flow curves in
copper is neither precise nor accurate. The use of 750°C and 0.3s™ curves and TEM
samples minimizes the presence of the back stress thermal component, which allows
dislocations to climb and dynamically recover from the additional hardening. Figure
4.14 shows the yield stress increment predicted for Cu A by equations 4.10 and 4.11
when using the misfit strain calculated using relationship 4.12. The arrows point to the
interception of the two equations and also name the particle radius used to calculate the
misfit strain in relationship 4.12. The smallest particle found in Cu A had a radius of
16.5nm and the predicted maximum yield stress increment is of 9.7MPa. However the
possibility of being able to use the self diffusion activation energy to correlate stress,
strain rate and temperature demonstrated that Cu A behaves like a back stress free
copper. The rest of the arrows are only indicative of a possible behavior, because no
smaller particles were found during the TEM analysis.

Figure 4.15 shows the predicted yield stress increment in Cu B due to the largest
particle found (3.459nm) on the TEM samples. One cannot assure a largest particle
radius present because TEM samples only survey a small volume of material. The
smallest Cu,O particle found in Cu B had 2.5nm. The strengthening predicted for the
smaller radius found (2.5nm) on Cu B is not signaled with an arrow, because the
prediction is thought to be too high and unlikely. For comparison purposes the
maximum strengthening predicted for the radii found (5.00nm and 7.188nm) on Cu C
were also calculated for Cu B and are also shown on fig. 4.15. Equations 4.10 and 4.11
overestimate the strengthening observed at 750°C on sample Cu B even for the largest
particle shown. Despite that the largest particle (7.1875nm) was found on Cu C such
particle size in Cu B should produce a stress increase of 34.8MPa according to fig. 4.15.
However the peak back stress observed is only of 13.6MPa and 13.0MPa for the steady
state back stress. The Cu,O particles in Cu B do not seem to behave semicoherently.
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Fig. 4.14. Predicted yield stress increment for semicoherent
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Fig. 4.15. Predicted yield stress increment for semicoherent
particles in Cu B.

The semicoherent analysis would seem to work for Cu C if the strengthening
was due to particles with 7.1875nm of radius as fig. 4.16 shows. The maximum stress
increment predicted on fig. 4.16 is of 42.3MPa for this largest radius found on the TEM
samples. And the peak back stress observed is of 38.7MPa while the steady state back
stress is 31.1MPa. However by looking at the Cu C TEM images the number of smaller
precipitates is evidently greater. The smallest radius accounted (3.438nm) is also shown
on fig. 4.16. Despite the near match of the semicoherency equations the presence of
smaller particles leads to believe that the Cu,O precipitates are not behaving
semicoherently at 750°C.
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Fig. 4.16. Predicted yield stress increment for semicoherent
particles in Cu C.

Gladman [49] has modified the Ashby-Orowan equation for incoherent particles
and for this analysis the present author has expressed the shear modulus as a function of
temperature, ,u(T ) The modified Ashby-Orowan equation provides a better correlation

between the size of particles observed on the TEM samples and the predicted increase in
stress. The expression is

Ao, =(0.538ubf"? /X )in(X/2b). (4.13)

On eq. 4.13 the particle size X is the real spatial diameter and, like before g at 750°C is
29978.55MPa. A plot of the Ashby-Orowan equation at 750°C is shown on fig. 4.17
employing the particle sizes mentioned before. The visual neatness of the Ashby-
Orowan plot allows comparing the three coppers in one figure. The dashed lines were
drawn to mark the volume fraction of the three coppers. The dashed lines end at a
supposed mean value of particle sizes found. The predicted stress increase on fig. 4.17
for Cu A is low or none. The red dot points to the observed peak back stress (13.6MPa)
for Cu B, which should correspond to particles having 25nm diameter. Figure 4.17
predicts a higher stress for the particles found, which were of about 6.9nm. Like for the
semicoherent equations Cu B does not seem to approach the higher stresses expected.
Although an Ashby-Orowan plot for 700°C seems a good prediction (see fig. 4.18).
Concerning Cu C at 750°C on fig. 4.17 the black square points to the observed peak
back stress (38.7MPa), which is almost equal to the value predicted by the modified
Ashby-Orowan equation (39.0MPa). Cu C also shows a good correlation at 700°C
between peak back stress and predicted stress increase, as fig. 4.18 shows. The
overestimation of the semicoherency equations and the better correlation of the
modified Ashby-Orowan equation demonstrates that for the temperatures examined the
Cu,0 precipitates behave as having incoherent interfaces. If the TEM images showed
clearly that most precipitates had been cut or looped an easier demonstration would
have been possible.

The effect of precipitation hardening during hot flow diminishes as the strain
rate is lower because enough time is allowed for the thermal component to restore the
pinned dislocations. The latter theoretical analyses using semicoherent and incoherent
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Fig. 4.18. Modified Ashby-Orowan yield stress increment at 700°C.

relationships that were originally derived neglecting diffusion were only possible
because of the assumption that at a high strain rate the diffusion is less capable of
helping dislocations by pass precipitates. If Ao, is considered as the saturation back

stress produced by the precipitation of particles then a relationship can be suggested to
model the back stress when deforming at a particular strain rate,&, and up to a

particular deformation & . The relationship to predict the back stress may have the form
of

o,~Ao, { exp[— Bo(g/g)%]} (4.14)

where By and v, are constants that need to be determined. Relationship 4.14 implicitly
acknowledges the role of diffusion rate has in helping dislocations by pass obstacles if

99




Chapter 4 Influence of Low Amounts of O on the Hot Flow Stress...

enough time, &/¢, is allowed. Figure 4.19 shows the behavior of relationship 4.14

where the back stress becomes constant after reaching a high enough strain rate. When
By of relationship 4.14 has a lower value than the one shown then that indicates the back
stress is less strain rate sensitive at the testing temperature, particularly at higher strain
rates. A high value of vy increases the slope and would indicate that the back stress is
easily affected by the strain rate because dislocations are prone to climb and by pass
precipitates at the given test temperature. The relationship proposed would model the
back stress as a dependent variable of the mean diameter of the particles, the test
temperature, the volume fraction, strain and, the strain rate. Further investigation is
needed to assess the reliability of eq. 4.14. However, as an example, for the particular
conditions of Cu C at 750°C and a supposed mean particle diameter of 5Snm the constant
By 1s 0.498 and the exponent vy is 0.210 for the back stress produced at 0.8 of strain.
Another effect that the Cu,O precipitates could be producing besides
strengthening is grain growth control during hot deformation. The effect of incoherent
Cu,O precipitates on migrating grain borders requires analysis to understand how an
increase in oxygen level can influence the dynamically recrystallized grain size. The
influence of precipitates on the end microstructure is studied in another chapter.

(MPa)
>
a

Back Stress Gy

Strain Rate §, (s”)
Fig. 4.19. The values of By and v of relationship 4.14 describe the ability of a metal
to restore precipitation pinned dislocations during hot flow.

4.6 Conclusions

1) Fire-refined 99.9% pure coppers can present flow stress differences at temperatures
below 800°C caused by precipitation hardening of Cu,O particles.

2) The Cu,0 precipitates were the only small enough particles found that were capable
of reinforcing the metal matrix despite the number of other residual elements. The
back stress registered coincided with the presence of Cu,O precipitates.

3) At the same hot flow conditions the copper with higher oxygen content registered a
higher back stress. The coppers tested ranged 26ppm to 62ppm of oxygen.

4) The back stress can be modeled using precipitation-hardening theories adapted for
polycrystalline metals and higher temperatures. In general the Cu,O precipitates
behave as having incoherent interfaces with the copper matrix. The modified Ashby-
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Orowan relationship [49] can be used as the limiting value where the back stress
saturates at a high enough strain rate.
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