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The effect of ageing on mechanical properties and microstructural characteristics of a precipitation hard-
enable Al 7075 alloy subjected to rolling at liquid nitrogen temperature and room temperature are has
been investigated in the present work employing hardness measurements, tensile test, XRD, DSC, and
TEM. The solution-treated bulk Al 7075 alloy was subjected to cryorolling and room temperature rolling
to refine grain structures and subsequently ageing treatment to simultaneously improve the strength
and ductility. The solution treatment combined with cryorolling up to a true rolling strain of 2.3 followed
by low temperature ageing at 100 °C for 45 h has been found to be the optimum processing condition to
obtain fine grained microstructure with improved tensile strength (642 MPa) and good tensile ductility
(9.5%) in the Al 7075 alloy. The combined effect of suppression of dynamic recovery, partial grain refine-
ment, partial recovery, solid solution strengthening, dislocation hardening, and precipitation hardening
are responsible for the significant improvement strength—ductility combination in the cryorolled Al 7075
alloy subjected to peak ageing treatment. The cryorolled and room temperature rolled Al 7075 alloy, upon
subjecting to peak ageing treatment, have shown higher strength and ductility in the former than the
latter. It is due to presence of high density of nanosized precipitates in the peak aged cryorolled sample.
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1. Introduction

The precipitation hardenable Al alloys are extensively used in
automobile and aerospace structures and many other high strength
structural components due to their high strength to weight ratio
(specific strength), excellent mechanical properties, high thermal
and electrical conductivity, and superior resistance to oxidation
and corrosion [1]. An increased usage of these alloys depends on
enhancing their mechanical properties such as strength and tough-
ness further from the values achieved so far in the bulk alloys. It is
well known that refining the grain structure to ultrafine regime can
enhance the mechanical properties of these bulk Al alloys further
[2]. Cryorolling has been identified as one of the potential routes
to produce bulk ultrafine grained Al alloys from its bulk alloys at
cryogenic temperature [2-16]. The ultrafine grained bulk Al alloy
sheets could be exploited for commercial application if its strength
and ductility are improved simultaneously. However, it is difficult
to achieve simultaneous improvement of strength and ductility of
ultrafine grained Al alloys as reported in the literature [17-21]. The
low ductility of ultrafine grained materials is due to its inability to
accumulate dislocations [20-23].
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Recently, a lot of research activities are focused to improve
the strength and ductility of severely deformed age hardenable Al
alloys [2,24-33]. The effect of post-ECAP low-temperature ageing
on the tensile behavior of an Al 10.8 wt pct Ag alloy was studied
by Horita et al. [24]. They reported that, the work hardening of
the ECAP material was improved by producing nano precipitates
in the grain volume due to post-ECAP ageing treatment. Kim et al.
[25] investigated the effect of low temperature ageing on strength
and ductility of an ECAP-processed Al 2024 alloy and found that
the yield strength improved to ~630 MPa while maintaining a rea-
sonable elongation to failure (~15 pct). Zheng et al. [26,27] studied
the effect of ageing on the strength of the ECAP processed Al 7050
alloy and identified that the pre-ECAP solid solution treatment
combined with the post-ECAP low-temperature ageing process has
significantly improved its strength. Kim et al. [28] have studied the
influence of ageing on ECAP processed Al 7075 alloy containing Sc
(7 x 51) and reported a significant enhancement of strength prop-
erties after subjecting it to proper ageing treatment. The studies
reported to date are confined mainly to the ageing effect on ECAP
processed Al-Zn-Mg-Cu alloys. Since cryorolling was adopted in
the present investigation as a processing route to produce ultrafine
grained microstructure, the study of ageing effect on cryorolled Al
7075 alloy is very much essential in order to improve its mechanical
properties further. The ageing kinetics of CR Al 7075 alloy samples
is not subjected to a detailed study so far in the literature. Although
Zhao et al. [2] have proposed a low temperature ageing treatment
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to the cryorolled Al 7075 alloy to improve its both strength and
ductility, the influence of ageing kinetics on mechanical properties
of this alloy has not been studied so far.

Since cryorolling and room temperature rolling are two com-
petitive processes to refine the grain structure, it is important to
substantiate the effectiveness of the post processing age hardening
behavior of Al 7075 alloy rolled under both temperature. It is also
important to compare the age hardening behavior of bulk, solution
treated samples with cryorolled samples as well as room temper-
ature rolled samples. Owing to these facts, the present work has
been focused: (i) to study the effect of ageing on mechanical prop-
erties and microstructure of cryorolled Al 7075 alloy; (ii) to study
the effect of ageing on microstructure and mechanical properties
of room temperature rolled Al 7075 alloy; (iii) to compare the age
hardening behavior of bulk, solution treated Al 7075 alloy samples
with that of cryorolled as well as room temperature rolled Al 7075
alloy samples.

2. Experimental

The Al 7075 alloy extruded ingot with the diameter of 250 mm was procured
from Hindustan Aeronautics Ltd., Bangalore. The chemical composition of this mate-
rial is 5.5 Zn, 2.6 Mg, 1.55 Cu, 0.2 Cr, 0.2 Si, 0.15 Mn, 0.3 Fe, and Al balance. The as
received material was machined into the dimensions of 12 mm x 30 mm x 40 mm.
These machined plates were solution treated (ST) at 490 °C for 6 h and then quenched
in water. The ST Al 7075 alloy plates were then cryorolled (CR) and room tempera-
ture rolled (RTR) up to a true strain of 2.3. In cryorolling, the Al 7075 alloy plates are
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rolled at liquid nitrogen temperature until receiving the required strain of 2.3. Prior
to each cryorolling pass, the materials are dipped into liquid nitrogen for 20 min and
then these samples are rolled again. The diameter of the rolls was 110 mm and the
rolling speed was 8 rpm.

These ST plates and CR and RTR sheets were then subjected to artificial age-
ing at four different temperatures such as 80°C, 100°C, 120°C and 140°C with the
ageing durations up to 100 h to study the influence of age hardening behavior. The
microstructural features of the ST, CR and RTR Al 7075 alloy samples before and
after ageing at different temperatures were examined in details by transmission
electron microscope (TEM) analysis, differential scanning calorimetry (DSC), and X-
ray diffraction (XRD). In order to evaluate the strength and ductility of the cryorolled
Al 7075 alloy samples subjected to the different ageing treatments, microhardness
and tensile tests were conducted. The sample dimensions and sample preparation
procedure for TEM, DSC, XRD, hardness test and tensile test are described in detail
in our earlier work [13,25].

3. Results
3.1. Mechanical properties

The hardness of the CR and RTR samples has increased from
107 to 190 Hv (nearly 78% increase) and 107 to 180 Hv (nearly 68%
increase), respectively, at a rolling strain of 2.3 as shown in Fig. 1. In
order to improve the mechanical properties of the ST, CR and RTR
samples, the samples were subjected to post-ageing treatment and
shown in Fig. 1. The hardness data of the Al 7075 alloy samples (ST,
CR and RTR) measured after ageing at 140 °C vs. ageing time up to
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Fig. 1. Vickers hardness of the CR, RTR and bulk (ST) Al 7075 alloy vs. ageing time at (a) 140°C, (b) 120°C, (¢) 100°C and (d) 80°C.
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Table 1

The tensile data of Al 7075 alloy at different conditions.
Different conditions YS (MPa) UTS (MPa) UE TE
ST 155 368 16.6 18.5
ST+PA (T6) 502 572 9.0 11.0
RTR 529 578 4.2 5.2
RTR+PA 577 618 6.0 8.2
CR 545 591 5.0 5.6
CR+PA 607 642 8.2 9.5

70 hisshownin Fig. 1a. There is a significant increase in hardness up
to35h(71%increase)and then it decreases in case of STsamples.On
the other hand, the CR and RTR samples exhibit an opposite trend;
hardness decreases with time. It may be because of the recovery
effect which might have occurred during a high temperature ageing
of the CR and RTR samples with time. The effect of ageing treatment
at 120°C up to 70h on the ST, CR and RTR samples is shown in
Fig. 1b. The hardness of the CR and ST samples is increased from 190
to 199 Hv and 107 to 189 Hv, respectively. However, the hardness
decreases with ageing time for RTR samples.

In order to minimize the softening effect, the ST, CR and RTR
samples were aged at lower temperatures such as 100°C and 80°C.
The effect of ageing on hardness value of ST, CR and RTR samples as
a function of time at temperatures of 100°C and 80°C are shown in
Fig. 1c and d, respectively. At an ageing temperature of 100 °C, the
hardness of CR samples increases, approximately 12%, after 45 h.
For the RTR samples, anincrease in hardnessis also observed at 35 h,
but the hardening effect is less as compared to that of CR samples.
A significant increase in hardness (69% increases) is also observed
in the ST samples. When the ST, CR and RTR samples are subjected
to ageing treatment at 80°C, the increase in hardness with ageing
time is observed in all the three materials. However, the increase in
hardness is not saturated up to 100 h for CR and RTR samples and
up to 65 h for ST samples.

After optimizing the peak ageing condition of the ST, CR and
RTR samples as shown in Fig. 2, the tensile test was carried out
for all these samples with the peak ageing condition at 120°C for
30h, 100°C for 45h and 100°C for 35h, respectively. The ten-
sile stress—strain curves (both engineering and true stress—strain
curves) of the ST sample, ST sample with peak ageing (PA) treat-
ment, CR sample, CR sample with PA treatment, RTR sample, and
RTR sample with PA treatment are shown in Fig. 2 and Table 1. The
uniform elongation (as mentioned in Table 1 and marked by the
symbol O on the true stress-strain curves in Fig. 2b) was calculated
by using the criterion (Eq. (1)), which governs the onset of localized
deformation [2,3],

do
(%),

where o and ¢ are true stress and true strain, respectively.

As compared to the ST samples, the YS and UTS of the CR sam-
ples have increased from 155MPa to 545MPa and 368 MPa to
591 MPa, respectively. Similarly, the YS and UTS have increased
from 155 MPa to 529 MPa and 368 MPa to 578 MPa, respectively, in
the RTR materials as compared to ST materials. However, the duc-
tility (both uniform elongation (UE) and elongation to failure (FE))
has decreased for both CR as well as RTR samples. The YS and UTS
of the CR samples after peak ageing (CR+PA) have increased from
545 to 607 MPa and 591 to 642 MPa, respectively, as compared to
the CR materials. Along with the YS and UTS, the ductility of the CR
samples after post ageing treatment (ductility: 9.5) has increased
about 70% than that of CR samples (ductility: 5.6) as well as RTR
samples (ductility: 5.2). When the RTR samples are subjected to PA
treatment (RTR+PA), the YS and UTS have increased from 529 to
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Fig. 2. Tensile stress-strain curves of Al 7075 alloy at various conditions (A) ST, (B)
ST+PA, (C) RTR, (D) CR, (E) RTR+PA, and (F) CR+PA; (a) engineering stress-strain
curves, (b) true stress—strain curves, and (c) comparison of work hardening rate
plots of two types of samples.
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577 MPa and 578 to 618 MPa, respectively, as compared to that of
RTR samples.

The YS and UTS of the CR+PA samples are higher than that
of RTR+PA samples. As compared to RTR+PA samples, the UE
and TE of the CR+PA samples are 26% and 14% higher, respec-
tively. In order to investigate the work hardening behavior of the
CR+PA and RTR + PA samples, the normalized work-hardening rate,
0 (6 =(1/0)(d0/0de)), as a function of true plastic strain is plotted
in Fig. 2c. The CR+PA samples show higher work hardening rate
than RTR +PA samples. The higher work hardening rate in CR+PA
samples (Fig. 2c) as compared to RTR + PA samples is responsible
for achieving higher ductility in CR + PA samples.

The observed tensile properties (UTS: 572 MPa, YS: 502 MPa and
ELONG: 11) of the ST material after peak ageing treatment (120°C
for 30h) shown in Fig. 2 and Table 1 correspond to the T6-peak
ageing condition for a commercial Al 7075 alloy. As compared to
the T6 treatment, the YS, UTS of the CR samples with the PA treat-
ment have increased from 502 MPa to 607 MPa and 572 MPa to
642 MPa, respectively. Where as, in case of RTR sample subjected
to PA treatment, a comparatively lower strengthening effect is
observed.

3.2. XRD results before and after peak ageing treatment

Fig. 3a shows the XRD results of ST, CR and RTR samples with-
out subjecting to PA treatment. The ST and CR samples show the
absence of the MgZn, precipitates. However, a small intensity peak
of MgZn, is observed in the RTR samples. XRD analysis was also
conducted for ST, CR and RTR samples subjected to PA treatments
to see the contribution of different precipitates and compounds
in enhancing their mechanical properties. Fig. 3b shows the com-
parative XRD plots of ST, CR, and RTR samples subjected to three
optimized peak ageing treatments such as 120°C for 30 h, 100°C
for 45 h and 100 °C for 35 h, respectively. The XRD results show the
formation of fine MgZn, precipitates in all the three peaks of PA
treated samples.

3.3. DSC analysis before and after peak ageing treatment

The DSC curves obtained at heating rates of 40°C/min for ST,
CR and RTR samples before ageing treatment are shown in Fig. 4a.
The DSC curves of the ST samples show four exothermic peaks
and two endothermic peaks. The four exothermic reaction peaks
as numbered in Fig. 4a (A) such as peaks 1, 2, 3 and 4 represent
the GP (I) zone, GP (II) zone, formation of ny phase and forma-
tion m phase, respectively [34]. The endothermic peaks such as 5
and 6 represent the dissolution of metastable v’ precipitates and
1 phases, respectively. It is seen that all the reaction peaks corre-
sponding to the formation and dissolution of different precipitate
reactions of CR and RTR samples are shifting to left when com-
pared to that of its ST samples. As compared to RTR samples, all
the reaction peaks corresponding the formation and dissolution of
different precipitate reactions of CR samples are shifting to left.
The formation of all the precipitate reactions as mentioned above
is observed in ST samples. In case of RTR samples, the peaks asso-
ciated with the formation of GP (I) zone and GP (II) zone are not
observed. A new endothermic peak is also observed in the range
of 175-225°C in the RTR samples, which may be due to the dis-
solution of GP zones. In the CR samples, all the above mentioned
reaction peaks are observed except GP (I) zone. Fig. 4b shows the
DSC plots of ST, RTR and CR samples after subjecting them to the PA
treatments. In all the three peak aged samples, the peaks associated
with the formation of GP (I) zone, GP (II) zone and m’ phase have
disappeared and only the formation of stable peak for m phase is
observed.
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Fig. 3. XRD analysis of ST, RTR and CR Al 7075 alloy samples with and without PA
treatment: (a) without PA treatment, (b) with PA treatment.

3.4. TEM analysis before and after peak ageing treatment

The CR and RTR samples after subjecting to PA treatment (100 °C
for 45 h) were investigated in TEM to analyze the precipitation mor-
phology and shown in Fig. 5. The presence of plate shaped and
spherical shaped precipitates is found in the microstructure. The
TEM study of the CR and RTR samples before and after PA treat-
ment was conducted to investigate the evolution of microstructure
such as changes in dislocation content, subgrain morphology, for-
mation of recrystallized grains and shown in Figs. 6 and 7. The
heavily strained sub grains and elongated grains are evident in
both conditions (CR and RTR samples) from the Fig. 6. A heavily
deformed microstructure was observed in the CR samples. How-
ever, a much better-defined subgrains is observed in RTR samples.
The presence of dislocation as observed in CR samples is rarely
seen in RTR samples. When the CR and RTR samples are subjected
to PA treatments, there is not much change in microstructures of
both materials (Fig. 7). The microstructure of both materials shows
a slight reduction of dislocation density and slight relaxation of
cell boundaries into subgrain walls. Most of the nonequilibrium
grain boundaries are still not recovered in both PA samples and
dislocations are still observed in the grain interiors.
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Fig. 4. DSC plots of ST, RTR and CR Al 7075 alloy samples with and without PA
treatment: (a) without PA treatment, (b) with PA treatment.

Based on the TEM results of CR and RTR samples subjected to
PA treatment, it is evident that the PA temperature and time is not
enough to recrystallize the microstructure completely. Therefore,
the microstructure may be stable for low temperature applications,
but not stable for high temperature applications.

4. Discussion

The influence of ageing treatment on mechanical properties of
CR 7075 Al alloy was studied in detail by hardness testing and ten-
sile testing. A comparatively higher initial strength and hardness of
the CR samples than that of RTR samples before ageing treatment
is due to the effective suppression of dynamic recovery and accu-
mulation of higher amount of dislocation density due to cryogenic
rolling.

When the ST samples are subjected to PA treatment, a signif-
icant increase in hardness (77% increases), yield strength (224%
increase) and tensile strength (56% increase) is observed. In CR sam-
ples with PA treatment, the increase in hardness, yield strength
(YS) and tensile strength (UTS) are observed to be 12%, 11.4% and
9%, respectively. However, a comparatively less improvement in
strengthening properties (YS (9.1%), UTS (7%) increase) is observed
for RTR samples subjected to PA treatment. The possible reasons for

p——— 100 nm

Fig. 5. TEM images for precipitate distribution of CR and RTR samples of Al 7075
alloy at a strain of 2.3 after peak ageing treatment: (a) CR sample, (b) RTR sample.

large increase in strength and hardness of ST samples as compared
to both CR and RTR samples are as follows. During solutionizing and
quenching of the ST samples, the solute atoms are completely dis-
solved in the solid solution and the internal strain from the samples
is also completely relieved as well as the dislocations are com-
pletely annihilated. So, during ageing treatment of the quenched
samples, the applied temperature (120°C) acts as a driving force
for transformation of metastable solute to stable precipitates. At
the PA state, maximum amount of coherent/semi coherent precip-
itates of mostly 1)’ phase are present and these precipitate particles
acts as obstacles for dislocation movement, resulting in maximum
strength of ST samples. Hence, the effect of precipitation harden-
ing plays the dominant role for its large enhancement of strength
and hardness. Since the CR and RTR samples are deformed up to a
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Fig. 6. TEM images of CR and RTR Al 7075 alloy samples at a strain of 2.3: (a) CR
sample, (b) RTR sample.

strain of 2.3, a heavy amount of dislocations and strain energy are
stored in the samples. When these heavily deformed samples are
subjected to PA treatment, the effect of recovery and precipitation
hardening occurs simultaneously. During high temperature ageing
treatments (140°C and 120°C), the recovery effect is dominating
the precipitation hardening effect, causing the decrease in hard-
ness. Similarly, during low temperature ageing treatments (100°C
and 80 °C), the precipitation hardening isdominating over recovery,
due to which increase in hardness is observed. Since both recovery
and hardening act simultaneously in the CR and RTR samples, the
resultant effect of increase in strength and hardness is less than
that of ST samples after PA treatment.

After subjecting PA treatment to the CR and RTR samples, it is
observed that the CR samples exhibit better strength and hardness
than that of RTR samples. The XRD results (Fig. 3a) show the pres-
ence of a small intensity peak of MgZn, phase in the RTR samples
before ageing treatment. However, it is not observed in case of CR

Fig. 7. TEM images of CR and RTR Al 7075 alloy samples at a strain of 2.3 after
subjecting to PA treatment: (a) CR sample, (b) RTR sample.

samples prior to ageing treatment. The DSC results (Fig. 4a) of the
CR samples show the appearance of all the reaction peaks such as,
the formation of GP (II) zone, formation of v’ phase and formation
m phase, respectively. However, the peaks corresponding to the
formation of GP zones are not observed in the RTR samples before
the ageing treatment and the observed endothermic peak is due
to dissolution of GP zones. From XRD results and DSC analysis, it is
confirmed that the precipitation of GP zones has occurred during
room temperature rolling. The frictional heat is generated between
the rollers and sample during room temperature rolling, due to
which the sample are heated up to 50-70°C. It is known that GP
zone is one of the strengthening phases of Al 7075 alloy. When
the RTR samples are subjected to PA treatment, the precipitation
hardening associated with GP zone formation will not occur;
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causing lesser overall hardening effect on the sample. However,
for the CR samples, the metastable solute does not get sufficient
thermal energy to precipitate the solutes from solid solution during
cryorolling. Therefore, after cryorolling, all the metastable solutes
are stillretained in the solid solution. When the CR samples are peak
aged, a significant strengthening effect is observed due to all the
strengthening phases such as GP zones and ' phase precipitates.

The DSC results in Fig. 4b show the absence of GP zones and v/
phase precipitates in the ST, RTR and CR samples after PA treatment.
Also, in all the three PA treated samples, the peak associated with
the formation of the stable v phase is observed. It clearly indicates
that the increase in strength in all the three PA treated samples
is due to the intermediate precipitates. Based on the DSC results
of CR samples subjected PA treatment, it is confirmed that the
plate shaped particles and spherical shaped particles as observed
from the TEM microstructure (Fig. 6) are ) phase precipitate par-
ticles and GP zones. When the sample containing these spherical
GP zones and plate shaped m’ phase precipitate particles are sub-
jected to tensile testing, these coherent nanosized precipitates acts
as the obstacles for the dislocation movement due to tensile strain-
ing. Hence, a higher strength is required to either overcome or cut
through these precipitates, which results in a significant increase in
bothyield strength and tensile strength of the CR samples subjected
to PA treatment.

4.1. Factors affecting strength

The significant high strength of ST, RTR and CR Al 7075 alloy
after peak ageing treatment may be attributed to (i) solid solution
strengthening, (ii) grain refinement, (iii) dislocation strengthening,
and (iv) precipitation hardening. Solid solution strengthening of Al
7075 alloy depends upon the concentration of solute in the solid
solution. When the Al 7075 alloy samples are solutionized and
quenched, the solute atoms such as Zn, Mg, Cu, Fe and Mn are dis-
solved in the matrix in the substitutional sites. So, strength of the
parent material increases due to differences in the size, modulus
or valency of the solute and parent atoms. Since the concentra-
tion of solutes in Al 7075 alloy is relatively more as compared
to other precipitation hardenable Al alloys, it may give a signifi-
cant strengthening effect to the ST, RTR and CR samples after PA
treatment.

The strengthening due to grain refinement is mainly described
by the Hall-Petch equation [35,36]. The TEM microstructure of CR
and RTR samples after PA treatment indicates that most of the
grains in both samples are still elongated and not recrystallized.
Also, only a partial fraction of grains is recrystallized in both the
CR and RTR samples. Hence, the grain refinement is not the main
contributor for the strength enhancement of the ST, RTR and CR
samples after PA treatment.

The TEM microstructures of CR and RTR samples after PA
treatment revealed high dislocation density, suggesting that
the dislocation strengthening has significant contribution to the
strength enhancement in both samples. Since a comparatively
higher dislocation density is observed in the CR samples as
compared to the RTR samples, the dislocation strengthening con-
tribution is higher in the former than the latter after PA treatment.
However, this strengthening contribution is not observed in case
of ST samples.

The precipitation strengthening results from ability of the pre-
cipitates to impede dislocation motion. Since the precipitates
density of the CR samples is higher than that of the RTR samples,
its strengthening effect is more in CR samples than the latter. It
is evident that the precipitation strengthening is one of the main
contributors for the strength enhancement of the ST, RTR and CR
samples after PA treatment.

The factors influencing the strength of the ST, CR and RTR sam-
ples subjected to PA treatment can also be explained by using Taylor
relationship given below (Eq. (1)), which is based on the dislocation
theory [37-39]:

1GblIn(x/b)

oy = 0o +aM Gbp'/? +0.85M ol =)

(2)
where o9, o, G, b, MT, p, x and [ are the friction stress, a constant,
shear modulus, Burgers vector, Taylor factor, dislocation density,
average size of precipitates, and intermetallic spacing, respectively.
The strengthening effect due to all the three terms is well mani-
fested in CR and RTR samples. However, the strength contribution
due to the second term is not manifested in the ST samples.

As per Eq. (1), the yield strength of the materials is directly pro-
portional to the dislocation density. The dislocation density in the
CR samples is enhanced due to the combined effect of interaction
between dislocations, grain boundaries (Hall-Petch effect), and the
presence of solutes in solid solution. On the other hand, few of the
dislocation densities are annihilated during rolling at room tem-
perature of the RTR samples, which result in lesser strengthening
effect due to second term of Eq. (1). So, the strengthening effect due
to the first two terms of CR samples is higher than the RTR samples.

The third term from Eq. (1) contributes the precipitation hard-
ening behavior of all ST, CR and RTR samples. During room
temperature rolling, GP zones are formed. When these samples are
subjected to PA treatment, transformation of GP zones to 1’ phase
precipitate occurs. In the CR samples subjected to PA treatment, the
presence of GP zones and m’ phase precipitates is observed. As the
size of the precipitates (GP zones and v’ phase precipitates) in the
CR samples after PA treatment is smaller than that of RTR samples
subjected to PA treatment ()’ phase precipitates), the volume frac-
tion of nanosized precipitates in CR samples after PA treatment is
more. Due to this, the interparticle spacing (I) between the precip-
itates in the CR samples is less as compared to that of RTR samples.
If the average precipitate size (x) is assumed to be same for both
CR and RTR samples, the lower interparticle spacing of CR sample
would contribute to the improved strength due to third term of Eq.
(1) which is higher than that of RTR samples. As per Eq. (1), the
strength contribution due to all the terms of CR samples subjected
to the PA treatment are higher than that of RTR and ST samples
with their PA treated states, realizing the enhanced strength of CR
samples.

4.2. Factors affecting ductility

Along with the improvement of strength, a significant improve-
ment of ductility is also observed in the CR and RTR samples after
PA treatments. The CR and RTR samples after PA treatment, shows
an increase in ductility of 70% and 58%, respectively, than that of CR
and RTR samples without ageing treatment. The existing reported
strategies for achieving improved ductility in nanostructured mate-
rials are either due to the distribution of bimodal grain size [40,41],
or by sacrificing their strength [42] or by restricting their service
conditions to low temperatures and high strain rates [43,44]. How-
ever, the TEM microstructures (Fig. 7) in the present investigation
do not show any results, matching with the existing literature.

The effective enhancement of ductility of both CR and RTR sam-
ples after PA treatment may be due to the following reasons: (i) due
to annihilation of dislocations during the PA treatment, it leaves a
scope for dislocation accumulation before saturation, during tensile
testing, which contributes a significant enhancement of ductility
and (ii) due to the presence of nanosized precipitates in the peak
aged samples, the dislocations are accumulated in the surround-
ing of the nanosized precipitates during tensile straining. Since the
density of the precipitates is more, it accumulates higher amount
of dislocations causing tensile straining for a prolonged period of
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time, contributing to the enhanced ductility, the similar observa-
tions were reported by Zhao et al. [2] and Cheng et al. [3]. Zhao
et al. [2] investigated the influence of duplex ageing (50°C for 5h
and then at 80 °C for 9 h) on mechanical properties of cryorolled Al
7075 alloy. The improvement in ductility observed in the present
work is in tandem with their work.

The ductility of the CR samples after peak ageing treatment is
higher than that of RTR samples. Since the density of the nano-
sized precipitates in CR samples after PA treatment is more than
that of the RTR samples after PA treatment, it provides more effec-
tive sites to trap and accumulate the dislocations surrounding
to the precipitates. Therefore, during tensile straining of the CR
samples subjected to PA treatment, the sample elongates substan-
tially (higher ductility) prior to failure due to its higher dislocation
accumulation capacity enabled by nanosized precipitates. Hence,
cryorolling followed by ageing is an effective method to improve
both the strength and ductility simultaneously. This strategy may
be implemented to many of the precipitation hardenable alloys.
Also, the dynamic precipitation during room temperature rolling
should be avoided; because the effect of ductility gets less pro-
nounced when the RTR samples are further aged.

5. Conclusions

The effect of ageing on mechanical properties and microstruc-
ture of ST, CR and RTR Al 7075 alloy has been investigated in the
present work. The following conclusions are made:

e At higher ageing temperature of 140 °C, the hardness of the CR
and RTR samples decreases with ageing time. It may be because
of the recovery effect, which might have occurred during a high
temperature ageing of the CR and RTR materials with time.

¢ The higher rate of increase in strength and hardness of peak aged

ST samples is observed than that of CR and RTR samples. It is

because of the precipitation hardening effect is manifested in the

ST samples. However, the CR and RTR samples receive a combined

effect such as softening effect due to recovery and hardening

effect due to precipitation hardening.

Cryorolling of Al 7075 alloy with a true rolling strain of 2.3 fol-

lowed by low temperature ageing at 100 °C for 45 h resulted in

grain refinement with improved mechanical properties (YS of

607 MPa, UTS of 642 MPa and tensile ductility of 9.5%) due to

the combined effect of suppression of dynamic recovery, partial

grain refinement, partial recovery, solid solution strengthening,
dislocation hardening, and precipitation hardening.

As compared to the peak aged (T6) treated Al 7075 alloy samples,

the CR and RTR samples after peak ageing treatment shows a

significant increase in YS and UTS.

e The TEM microstructures of CR and RTR samples subjected to PA
treatment clearly indicate that the microstructure is not com-
pletely recrystallized.
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