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Abstract

Recrystallization of phosphorous deoxidised copper used for strength critical applications at elevated temperatures was
investigated by means of in situ heated stage EBSD analysis using a Gatan Murano heated stage mounted within a Carl Zeiss
Sigma FEGSEM electron microscope. The influence of applied strain as the result of deformation within a Nakajima test
as an analogue for industrial forming on the recrystallization temperature was investigated, the impact of increased heating
rates on microstructural evolution was also investigated. Inverse pole figure plots combined with regions of reduction in local
misorientations and variations in geometrically necessary dislocations were used to establish the point of recrystallization
and the recrystallized fraction of the material. Recrystallization was observed to occur at temperatures as low as 130 °C in
highly strained samples compared to around 300 °C within the annealed samples dependent upon heating rate. Increased
heating rates were observed to produce a finer final grain structure but had little effect on presence of <111> 60° grain twins,

which was influenced more by initial material condition.
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1 Introduction

Industry design specifications are based on material proper-
ties either derived experimentally or from supplier’s specifi-
cations. Important properties such as recrystallization tem-
perature are so heavily dependent on material condition and
other external factors that they cannot be accurately quoted
for a material. Applied strain leads to a significantly altered
microstructure, with increased numbers of dislocations and
stored energy within a material; at this point the material is
no longer within the suppliers’ specification. Elevated oper-
ating temperatures in formed parts will then lead to stress
release and recrystallization of the material at a temperature
lower than specified.

Typically with applied temperature, recovery of a mate-
rial initiates prior to any recrystallization, for complete
recovery to occur there must be some light deformation
to the microstructure to provide sufficient energy for this
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process [1]. If a material has been sufficiently strained so
that it is heavily work hardened then it may undergo recrys-
tallization with little or no recovery occurring [2]. A greater
understanding of the initiation of recrystallization within as
received annealed material in comparison to strained mate-
rial is required to improve the industrial design process.
Grain twins are an important microstructural feature of
fcc metals such as copper; fcc metals already deform freely
via slip planes and twins offer another deformation mecha-
nism by acting as regions to accommodate deformation aris-
ing from recrystallization [3]. Various studies have looked
at the influence of grain twins on the resultant material
texture [4, 5], grain boundary distribution [6, 7] and grain
orientation [8, 9]. Studies on the recrystallization of heavily
deformed copper have shown that annealing twins have a
significant influence on grain growth, with twins allowing
growth to continue when this process has stagnated [10].
Studies have investigated the recrystallization of various
grades of copper, using both in-situ and post facto analysis
[11-13]. Cold drawn copper wire with a 38% reduction was
observed to recrystallize above 200 °C [14], other studies
have reported the initiation of recrystallization at 210 °C
[15]. This study investigates the recrystallization of Cu-DHP
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phosphorous deoxidised copper utilized in a strength critical
industrial applications under specific conditions.

2 Materials and Methods

Pre-rolled commercially available C106-DHP (99.85%
Cu, 0.15% P) was used throughout this study. The mate-
rial was nominally supplied in the annealed condition
as 0.5 mm sheet. The material was investigated in the as
received annealed condition directly from supplier and fol-
lowing straining within a biaxial Nakajima test to mimic
strains which would be imparted during industrial forming
processes. Unstrained samples had a nominal thickness of
0.5 mm. Strained samples were taken from near to the failure
region of Nakajima test pieces and had an equivalent strain
in the region of 50%. Equivalent strain is based on localised
thinning of the material, where T, is original thickness and
T, is strained thickness.

()1}

Samples were prepared for EBSD analysis by section-
ing and mounting in Bakelite resin; samples were polished
mechanically firstly using SiC grit papers then water based
diamond solutions, a final stage polish employing 5% hydro-
gen peroxide was employed to provide a light etch and high-
light grain boundaries. Following polishing samples were
cut from the resin and the surface cleaned with isopropanol
using a previously established technique [16].
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In situ observations were conducted using a 70° pretilted
Gatan Murano heated stage operating in a Sigma Zeiss FEG-
SEM with Oxford Aztec software and Symmetry EBSD
detector. Scans were conducted with a voltage of 20 keV at
200 Hz with a 0.5 pum step size yielding a total scan time of
70 s per region. No external fiducial markers were imparted
on the surface, existing surface features were employed to
account for thermal drift during heating ramps in between
EBSD scans. Comparative FSD and SE images were used to
ensure the same region of interest was observed throughout.
Samples were taken up to a maximum temperature of 550 °C
at rates ranging from 0.01 to 50 C s~ to look at the influence
of heating rate on the material recrystallization.

3 Results and Discussion

Previous studies had established the requirement for an
initial ramp to 200 °C to degas materials within the SEM
prior to incremental steps to investigate microstructural
evolution [16]. As illustrated in Fig. 1 EBSD analysis fol-
lowing this heating showed that strained material (b) had
already undergone recrystallization whereas the unstrained
material (a) remained unaffected. Local misorientations and
grain boundaries remained unaltered within the unstrained
material affirming the fact that the grain structure remained
unaffected by the heat treatment. IPF maps clearly show a
recrystallized structure within the strained material with no
evidence of the parent grains remaining; local misorienta-
tions were significantly reduced; and a prevalence of <111>
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Fig.1 a EBSD, local misorientation and grain boundary angle maps for non-deformed copper at room temperature and after heating to 200 °C. b
EBSD, local misorientation and grain boundary angle maps for strained copper at room temperature and after heating to 200 °C
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60° twin boundaries was evident accounting for around
59% of the total grain boundaries compared to 10% for the
unstrained material.

Strain energy imparted by deformation is stored within
the microstructure in the form of dislocations [17], to under-
stand this unexpected recrystallization the GND (geometri-
cally necessary dislocation) density within both samples
were investigated using Oxford channel 5 software. Fig-
ure 2 illustrates the GND density maps for both strained
and unstrained copper samples, the strained sample hav-
ing a 4.2 x 10'¥/m? compared to 1.6 x 10'*/m? within the
unstrained material. This increase in GND density and
therefore increased stored energy explains the unexpected
recrystallization observed.

Following this discovery degassing was conducted at
110 °C within incremental steps of 20 °C at 0.01 C s~!. The
resultant IPF orientation maps with corresponding local
misorientation maps are given in Fig. 3. Nucleation sites
were not always observable with nucleation typically taking
place beneath the sample surface [18]. The grain structure
remained unchanged at 110 °C, following heating to 130 °C
recrystallization was evident with regions of reduced local
misorientations and increased twin boundaries observed.
GNU Gimp 2.0 software was used to analyse the number of
pixels in regions of reduced local misorientations to give a
percentage fraction of recrystallized material.

At 130 °C approximately 5% of the sample was recrys-
tallized, incremental steps to 150 °C increased this to 10%
and at 170 °C to 10%. Increasing the temperature to 190 °C
increased the recrystallized fraction to approximately 70%
of the structure being recrystallized, 95% of the sample was
recrystallized at 205 °C and exposure to 225 °C lead to a
fully recrystallized structure illustrated in Fig. 3. Heating
was continued up to 400 °C but no further changes were
observed within the microstructure. Regions of recrystal-
lized material were typified by a prevalence of <111> 60°
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twin boundaries, at least 50% of the grain boundaries within
recrystallized regions being twin boundaries.

This increase in recrystallization kinetics typified by
initiation at lower temperature was expected due to the
increased stored energy within the stained samples which
is known to be the most influential factor in how quickly
copper with recrystallize [17]. With no secondary parti-
cles present within the studied material the driving force
for recrystallization was purely polygonization, the kinetics
of which are dependent upon dislocation density, which is
significantly increased within deformed material. Prior to
testing the recrystallization temperature was expected to be
greater than 200 °C, studies had shown that copper does
recrystallize at a lower temperature than this but these stud-
ies had been conducted on material which had undergone
ECAP processes which lead to massive levels of localised
strain and stored energy in [19].

Regions of recrystallized material were typified by
reduced local misorientations and by reduced GND density
as shown in Figs. 3 and 4. Within regions of reduced GND
density the microstructure was typified by <111> 60° twins
illustrated in Fig. 4b. With increased heating GND densities
were seen to decrease and the total percentage of <111>
60° twins to increase proportionally. The fully recrystal-
lized material having a GND density of 0.92 x 10'%/m?* and
around 65% of grain boundaries being comprised of <111>
60° twins. This relationship and the relationship between
temperature and recrystallized fraction being illustrated in
Fig. 5a, b.

With no evidence of any microstructural evolution
within the unstrained material at 200 °C samples were then
degassed at 200 °C and incremental steps of 25 °C with a
ramp rate of 0.1 C s~ were applied to observe the initiation
of recrystallization. The microstructure remained unchanged
up to 400 °C with local misorientations and grain boundaries
remaining the same as the initial condition. On raising the

Unstrained Sample
Strained Sample
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a

GND Density (10”14/m2)

Fig.2 a GND density of unstrained copper, b GND density of strained copper, ¢ histograms of GND densities of coper in both conditions show-

ing the shift to a higher average within the strained sample
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Fig.3 EBSD, local misorientation and grain boundary angle maps
for strained copper showing the material evolution from room tem-
perature, incrementally to 225 °C

temperature to 425 °C the material was observed to very
rapidly recrystallize to a relatively stable microstructure with
no evidence of parent grains.

GND density within the sample initially was
2.65 x 10'%/m? this value remained virtually unchanged up
to 400 °C with a slight reduction to 2.44 x 10'*/m? which

Fig.4 a GND density map of strained copper at 20 °C, b GND den-
sity map of strained copper at 130 °C with twin boundaries illustrated
in red

is indicative of some recovery within the microstructure.
Upon heating to 425 °C the GND density was reduced to
0.85x 10'%/m? indicating a fully recrystallized structure,
following further heating the GND density was seen to
remain stable, showing that the recrystallization process
had completed.

Due to the speed of recrystallization at these temperatures
it was not possible to estimate the percentage fraction at
different steps as for the strained sample. Further heating to
500 °C showed no further evolution of the microstructure, a
prolonged dwell at 550 °C for an hour showed some limited
evidence of abnormal grain growth within the microstruc-
ture but the driving force for this evolution at this point is
very low.

Rapid heating of the material at 25 °C s™! to 500 °C lead
to a fine microstructure with an average grain diameter of
16 um, and approximately 70% of the grain boundaries
comprising of <111> 60° twins as shown in Fig. 6a. Heat-
ing of the material at a lower rate of 0.1 C s™! to the same
temperature produced a much coarser microstructure with
average diameters of 65 um, the greater length of time and
slower rate of heating allowing for greater recovery prior to
recrystallization and also subsequent grain coalescence and
growth. Following heating, grain boundaries were observed
to be comprised of approximately 70% <111> 60° twins as
seen in the material heated rapidly.

Samples of strained material were exposed to identical
heating rates and the same pattern was observed, slow heat-
ing at 0.1 C s~! lead to a coarser 51 um average diameter
microstructure compared to 9 um average in the rapidly
heated material shown in Fig. 6b. The microstructure was
seen to comprise of approximately 60% <111> 60° twins
for both heating rates. The finer resultant microstructure of
that material is as expected due to the greater stored energy
within grain boundaries and dislocations following straining
prior to heating. It should be noted that some of the changes
observed may be surface effects, however previous studies
have shown good correlation between in situ EBSD and bulk
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Fig.5 a Recrystallized fraction of material versus temperature, b GND density decrease and <111> 60° twins percentage increase versus tem-
perature
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Fig.6 a EBSD, local misorientation and grain boundary angle maps for non-deformed copper following heating to 500 °C at varied rates. b
EBSD, local misorientation and grain boundary angle maps for strained copper following heating to 500 °C at varied rates

analysis of materials, samples from this study also showed  strained initial material yields a finer final microstructure;
close agreement with bulk analysis [20]. and heating rates, with faster heating leading to finer aver-
age grain sizes due to increased recrystallization kinetics.
The presence of <111> 60° grain twins appeared to be
4 Conclusions independent of heating rates, but have a slight dependence
on initial condition with approximately 10% less grain
This study established the fact that strained Cu-dhp will ~ twins in material that had initially undergone deformation.
recrystallize at much lower temperatures than expected

due to the greater stored energy in dislocations driving Acknowledgements The key funding of this project as well as the
supply of the materials was from Atomic Weapons Establishment
(AWE) (Grant No. 1). In addition to that, the characterisation facility
is supported from the Higher Education Funding Council for England

polygonization of the material; evidence of recrystalliza-
tion was evident at temperatures as low as 130 °C. Final
grain size is heavily influenced by both initial condition;
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