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a b s t r a c t

The present work investigated the influence of Mo addition and thermomechanical process

routes on microstructural evolution and elevated-temperature mechanical properties of Al

eMneMg 3004 alloys. Various combinations of heat treatment and hot rolling were applied

to fabricate hot-rolled sheets. The results revealed that microalloying with Mo and two-

step heat treatment increased the number density and volume fraction of dispersoids

and decreased the volume fractions of dispersoid-free zones. The different processing

routes had important impacts onmicrostructural evolution. The alloys processed with heat

treatment followed by hot rolling had finer and better distributions of dispersoids than

those subjected to hot rolling prior to heat treatment. The former resulted in higher tensile

strengths at room and elevated temperatures. Among all conditions, the Mo-containing

alloy subjected to two-step heat treatment followed by hot rolling exhibited the highest

elevated-temperature properties and reached a yield strength of 93 MPa at 300 �C. Both the

base and Mo-containing alloys subjected to two-step heat treatment followed by hot rolling

showed excellent thermal stabilities up to 350 �C and almost no significant change in yield

strengths after thermal exposure at 300e350 �C for 100 h.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

With the current development of the automotive and aero-

space industries, cost-effective lightweight materials with
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desired elevated-temperature properties are increasingly in

demand [1e4]. Al alloys are excellent candidate materials for

lightweight applications, which may involve high-

temperature exposure, such as in fire-resistant structures

and heat exchangers [5,6]. However, most of the conventional
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Table 1 e Chemical compositions of the experimental
alloys (wt.%).

Alloy Mn Mg Si Fe Mo Al

B 1.55 1.07 0.26 0.28 0 Bal.

M 1.54 1.10 0.26 0.29 0.22 Bal.
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high strength aluminum alloys, including 2 xxx, 6 xxx and 7

xxx alloys, have low strengths at elevated temperatures due to

coarsening of precipitates after thermal exposure [7e9].

Recent studies reported that 3 xxx alloys offered excellent

mechanical properties at both room and elevated tempera-

tures due to precipitation of a-Al(MnFe)Si dispersoids [10e13].

The a-Al(MnFe)Si dispersoids were partially coherent with the

matrix and had cubic crystal structures [10,14]. Interestingly,

the a-Al(MnFe)Si dispersoids proved to be thermally stable at

300 �C, which resulted in enhanced elevated-temperature

strength and creep resistance [12,13]. Several attempts were

made to optimize the characteristics of a-Al(MnFe)Si disper-

soids by addition of alloying elements and/or various heat

treatments expected to improve the elevated-temperature

mechanical properties of 3xxx alloys [11,13,15e19]. Liu and

Chen [12] reported that one-step heat treatment at 375 �C for

48 h promoted precipitation of a large number a-Al(MnFe)Si

dispersoids and consequently achieved peak dispersion

strengthening of 3004 alloys at 300 �C. Later, a two-step

treatment involving heating at 250 �C for 24 h and 375 �C for

48 h was found to significantly improve dispersoid charac-

teristics and both the yield strength and creep resistance at

300 �C compared to the one-step heat treatment at 375 �C for

48 h [17]. Li et al. [13] studied the effects of adding different

amounts of Si and Mg on the microstructure and elevated-

temperature properties of 3xxx alloys and found that the

best elevated-temperature strengthening for a-Al(MnFe)Si

dispersoids was attained with 0.25 wt.% Si and 1.0 wt.% Mg.

Liu et al. [16] found that an AleMneMg 3004 alloy with addi-

tion of 0.3 wt.% Mo refined the dispersoids and enhanced the

thermal stability up to 350 �C.
Dispersoid-free zones (DFZs) always form in interdendrite

regions during precipitation heat treatment due to segregation

of alloying elements, such as Fe, Si and Mn, during solidifica-

tion, which decreases the volume fraction of dispersoids and

degrades the elevated-temperature properties [11e13]. It is

therefore necessary to minimize DFZs when adopting disper-

sion strengthening. The addition of elements that have a

negative segregation (ko> 1) is an effectiveway to decrease the

number of DFZs. Mo was reported to minimize the formation

of DFZs in different Al alloys [16,20,21], which resulted in large

volume fractions and uniform distributions of dispersoids and

ultimately better elevated-temperature properties.

Although previous studies reported promising improve-

ments in the elevated-temperature properties of AleMneMg 3

xxx alloys as a result of dispersoid strengthening, most in-

vestigations were limited on cast ingots. In fact, industrial

engineering parts often require materials to undergo large

plastic deformations to meet special shape and property re-

quirements. In addition, hot rolling or extrusion can also

eliminate casting defects such as slag inclusion and porosity

to further improve material properties [22e25]. Zhang et al.

[26] found that prerolling at room temperature significantly

promoted nucleation of nanosized dispersoids and increased

the number density of dispersoids in AleMneSi alloys. How-

ever, deformation at room temperature increased the risk of

cracking, which increases the difficulty of manufacturing [27].

Therefore, it is necessary to investigate the influence of the

hot deformation process on dispersoid microstructures and

their related mechanical properties.
The present workwas undertaken to investigate the effects

of Mo microalloying in combination with a series of process

routes, includingmanipulated heat treatments and hot rolling

processes, on the microstructural evolution and mechanical

properties of AA3004 rolled sheets. The dispersoid micro-

structure was characterized under various conditions with

optical microscopy (OM) as well as scanning electron micro-

scopy (SEM) and transmission electron microscopy (TEM).

Mechanical properties, including microhardness and tensile

properties, were evaluated at room temperature and 300 �C. In
addition, the thermal stabilities of rolled sheets during pro-

longed thermal exposure to different temperatures were

elaborated.
2. Experimental procedure

Two AleMneMg 3004 alloys were prepared, including the base

alloy free of Mo, in which the main alloying elements (Mn, Si

and Fe) were optimized for dispersoid precipitation [12,17],

and the other contained 0.22 wt.%Mo. The supplier ofmetallic

elements used to prepare the alloys is Milward Alloys Inc. For

each alloy, approximately 5 kg of material was melted in a

clay-graphite crucible using an electric resistance furnace.

The temperature of the melt was maintained at 750 �C for

30min. Themelt was degassedwith pure argon for 15min and

then poured into a permanent steel mold preheated at 250 �C.
The dimensions of the cast ingots were 30 � 40 � 80 mm. The

chemical compositions of the experimental alloys analyzed

with optical emission spectrometer are listed in Table 1.

First, some cast ingots were heat-treated with the one- and

two-step procedures developed in references [12,17] to

examine microstructural evolution and dispersoid precipita-

tion during heat treatment and provide a benchmark for

evaluating the process routes to be developed. The one-step

treatment was conducted at 375 �C for 48 h, while the two-

step treatment was composed of a first step conducted at

250 �C for 24 h and a second step conducted at 375 �C for 48 h

(Table 2). To systematically study the effects of the process

routes on the microstructures and mechanical properties,

different combinations of heat treatments and hot rolling

were applied to both alloys, as detailed in Table 2. The heat

treatments were conducted in a programmable air circulating

electric furnace. Rolling was carried out on a lab-scale rolling

mill with multiple passes at a temperature of ~350 �C. The
rolling began from the 26.5 mm-thick ingot and ended with

3.5 mm-thick sheets (85% reduction ratio). Before the me-

chanical tests, all rolled sheets were subjected to an annealing

treatment of 350 �C for 5 h to eliminate the residual stress

generated during rolling. To investigate the thermal stabilities

of rolled sheets at elevated temperatures, samples subjected
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Table 2eHeat treatments and process routes usedwith B
and M alloys.

Code Definition

Heat treatments of cast ingots

B-O Base alloy; one-step

treatment (375 �C/48 h)

B-T Base alloy; two-step

treatment (250 �C/24 h

followed by 375 �C/48 h)

M-O Mo alloy; one-step

treatment (375 �C/48 h)

M-T Mo alloy; two-step

treatment (250 �C/24 h

followed by 375 �C/48 h)

Process routes with various combinations of heat treatment

and rolling

B-RT Base alloy; rolling;

two-step treatment

M-RT Mo alloy; rolling;

two-step treatment

B-1R2 Base alloy; 1st step

treatment (250 �C/24 h);

rolling; 2nd step

treatment (375 �C/48 h)

M-1R2 Mo alloy; 1st step

treatment (250 �C/24 h);

rolling; 2nd step

treatment (375 �C/48 h)

B-OR Base alloy; one-step

treatment; rolling

B-TR Base alloy; two-step

treatment; rolling

M-OR Mo alloy; one-step

treatment; rolling

M-TR Mo alloy; two-step

treatment; rolling
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to selected process conditions were exposed to temperatures

of 300, 350 and 400 �C for 100 h before mechanical testing.

After heat treatment or rolling, the samples were polished

for metallographic observations using OM and SEM (Jeol, JSM-

6480LV). To reveal the general distribution of dispersoids with

OM and SEM, the polished samples were etched with 0.5% HF

for 30 s. A transmission electron microscope (TEM, Jeol JEM-

2100) was used to observe the dispersoids in detail. The

thickness of the TEM sample was measured with electron

energy loss spectroscopy. The sizes and number densities of

the dispersoids were measured using Clemex PE 4.0 image

analysis software with TEM images. The volume fractions of

dispersoids in the ingots subjected to only heat treatments

were calculated according to the following equation [14]:

VV�H ¼Ad
KD

KDþ t
ð1�ADFZÞ (1)

where Ad is the area fraction of dispersoids obtained by TEM

image analysis; D is the average equivalent diameter of dis-

persoids; t is the TEM foil thickness; ADFZ is the area per-

centage of dispersoid free zones (DFZs) obtained by OM image

analysis; and K is the average shape factor of dispersoids,

which was taken as 0.42 [14].

During rolling, dispersoids can precipitate in previous

DFZs, in which the number densities of dispersoids are
generally less than those in dispersoid-rich zones (DRZs);

hence, they are redefined as dispersoid-poor zones (DPZs). To

calculate the volume fractions of dispersoids in rolled sheets,

it is therefore necessary to consider the dispersoids in both

DRZs and DPZs using the following modified equation:

VV�ROLL ¼Ad�DRZ
KDDRZ

KDDRZ þ t
ð1�ADPZÞ þ Ad�DPZ

KDDPZ

KDDPZ þ t
(2)

where Ad�DRZ is the area fraction of dispersoids in the DRZs;

Ad�DPZ is the area fraction of dispersoids in the DPZs; DDRZ is

the average equivalent diameter of dispersoids in the DRZs;

DDPZ is the average equivalent diameter of dispersoids in the

DPZs; andADPZ is the area percentage of the DPZs. The number

density of dispersoids, NV, which is defined as the number of

dispersoids per unit volume, was calculated according to the

following equation [15]:

Nv ¼ N

AðDþ tÞ (3)

where N is the number of dispersoids in the TEM image and A

is the area of the image; the other parameters, D and t, are as

defined previously for Eq. (1).

Vickers microhardness measurements were performed on

polished samples at room temperature using an NG-1000 CCD

microhardness tester with a load of 25 g and a dwell time of

30 s. The tensile properties of rolled sheets were measured at

room temperature using an Instron 8801 servo-hydraulic unit

at a strain rate of 0.5 mm/min. Tensile properties were

measured at 300 �C using a Gleeble 3800 thermomechanical

simulator with a strain rate of 10�3 s�1, in which the samples

were preheated to 300 �C at a heating rate of 2 �C/s and held for

3 min prior to tensile loading. The tensile samples were

machined from rolled sheets in the rolling direction with

thicknesses of 3 mm, widths of 6 mm and lengths of 25 mm in

the gauge area, according to ASTM standard E8/E8 M-13a.
3. Results

3.1. As-cast and as-heat-treated microstructures of cast
ingots

Fig. 1 shows the as-cast microstructures of the experimental

alloys. The microstructures were generally composed of Al

cells as the matrix with dominant Al6(MnFe) and minor Mg2Si

intermetallic phases distributed in the interdendrite regions.

The microstructure of the M alloy was similar to that of the

base B alloy [16]. No Mo was detected in the Al6(MnFe) in-

termetallics, and no primary AleMo intermetallic compound

was found in the M alloy (Fig. 1b), which indicated that all of

the added Mo was dissolved in the Al matrix.

The microstructures after heat treatments are shown in

Fig. 2. In both alloys, large numbers of dispersoids were

formed in the interiors of the Al grains/cells, and dispersoid-

rich zones (DRZs) were built, as shown by the gray regions in

the OM images. The dispersoid-free zones (DFZs), which

appeared as bright regions outside the DRZs, were generally

located in interdendrite regions surrounding the Al6(MnFe)

intermetallic particles. The higher magnification SEM image
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Fig. 1 e As-cast microstructures of (a) B alloy and (b) M alloy.
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in Fig. 2e clearly shows the coexistence of the DRZ and DFZ

near a primary Al6(MnFe) particle. The area fractions of DFZs

for both alloys subjected to the two heat treatment conditions

were quantified based on OM images, as listed in Table 3. This

shows proportions of 24.71 vol.% in BeO, 17.28 vol.% in B-T,

14.96 vol.% in M�O and 14.23 vol.% in M-T, respectively. It is

apparent that applying a two-step heat treatment and adding

Mo decreased the area fraction of DFZs, which agrees well

with the findings of Liu et al. [16,17].

The characteristics of dispersoids in the DRZs of B and M

alloys after heat treatment were investigated by TEM, and the

results are shown in Fig. 3. Dense dispersoids were distrib-

uted in the Al matrices in both alloys. The chemical compo-

sitions of dispersoids were analyzed using energy dispersive

X-ray spectroscopy (EDS)-TEM. The composition of disper-

soids in the B alloy (Fig. 3e) matched well with the chemical

composition reported for a-Al(MnFe)Si dispersoids [12,14,17].

For the M alloy, the dispersoids were converted from a-

Al(MnFe)Si to a-Al(MnFeMo)Si due to the presence of Mo in

this alloy (Fig. 3f) [16]. The dispersoids showed similar mor-

phologies in both alloys, which were mainly plate-like and

cubic-like, consistent with the morphologies reported for a-

Al(MnFe)Si and a-Al(MnFeMo)Si dispersoids [12,13,16]. The

insets of Fig. 3a and c shows corresponding selected area

electron diffraction patterns (SAEDPs) which are also

enlarged in Fig. S1 (see Supplementary Material) revealing

faint spots from the dispersoids at {110}Al positions [12,14,21].

The sizes, number densities and volume fractions of disper-

soids were also quantified, as listed in Table 3. The sizes of

dispersoids (equivalent diameters) were nearly the same

under all conditions and were approximately 70 nm. The

number densities and volume fractions of dispersoids formed

in the two-step heat treatment were considerably higher

than those of the one-step heat treatment. Moreover, the M

alloy had a higher number density and volume fraction of

dispersoids than the B alloy under the same heat treatment

conditions.
3.2. Microstructure evolution during various process
routes

Fig. 4 shows typical microstructures for rolled sheets in the B-

TR and M-TR conditions as examples of the combinations

made. The OM images (Fig. 4a and b) show that all rolled

sheets contained gray bands and bright bands associated with

intermetallic particles, which were oriented along the rolling

direction. The bright bands were the initial interdendrite re-

gions of the cast ingots and were also the DFZs after heat

treatment. During rolling, the dispersoids precipitated in

these regions to a certain extent. To distinguish the DRZs in

the interiors of grains (gray bands), the bright bands are

designated dispersoid-poor zones (DPZs), as indicated in the

SEM images in Fig. 4c and d. The formation of dispersoids in

the bright bands could be attributed to dislocations induced by

the large plastic deformations occurring during hot rolling,

which promoted dispersoid precipitation [25,28].

The process routes used in this study can be categorized

under two main practices, A and B, where the precipitation

behaviors of the dispersoids were found to be quite different.

In practice A, hot rolling was conducted prior to heat treat-

ment or in between the two steps of the two-step heat treat-

ment, while in practice B, the process routes started with heat

treatment followed by hot rolling. The distribution of disper-

soids resulting from practice A is shown in Fig. 5. In general,

the dispersoid sizes in the DRZs were quite small and aver-

aged approximately 40 nm. In contrast, the dispersoids in the

DPZs were significantly larger than those in the DRZs, and

their sizes often exceeded 300 nm.

TEM observation was used to determine the sizes, number

densities and volume fractions of dispersoids, and these data

are listed in Table 4 for all process routes. For the same pro-

cess route, the M alloy had a higher number density and vol-

ume fraction of dispersoids than the B alloy. Furthermore, the

number density and volume fraction of dispersoids in the B/

M-1R2 conditions were moderately higher than those for the

https://doi.org/10.1016/j.jmrt.2022.06.171
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Fig. 2 e Etched microstructures of B and M alloys after heat treatments: (a) to (d) OM images of BeO, B-T, M¡O and M-T

samples, respectively, and (e) SEM image of a B-T sample.
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B/M-RT conditions. This indicated that the first step of the

two-step heat treatment in the B/M-1R2 conditions promoted

dispersoid nucleation during hot rolling, as b0-Mg2Si pre-

cipitates formed in the first step treatment (250 �C/24 h) could
act as potential nucleation sites for dispersoids [17,29]. Under

the B/M-RT conditions (first rolling followed by a two-step

heat treatment), the rolling temperature was 350 �C, which

was much higher than the formation temperature of b0-Mg2Si

https://doi.org/10.1016/j.jmrt.2022.06.171
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Table 3 e Characteristics of dispersoids formed in B and
M alloys with two heat treatments.

Dispersoid
characteristics

B-O B-T M-O M-T

Equivalent diameter, nm 66.51 72.07 69.98 67.87

Number density, � 1019 m�3 13.09 16.73 17.61 18.50

Volume fraction, % 2.06 3.28 3.16 3.32

Area fraction of DFZ, % 24.71 17.28 14.96 14.23
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precipitates. Instead, a-Al(MnFe)Si dispersoids would be

formed during hot rolling, making the subsequent two-step

heat treatment less efficient in promoting dispersoid

nucleation.

The distribution of dispersoids resulting after conducting

practice B is shown in Fig. 6. It is interesting to note that (i) the

dispersoid sizes in the DRZs in the B/M-OR and B/M-TR con-

ditions were remarkably smaller than those resulting from

heat treatment alone without hot rolling (Fig. 3); and (ii) the

dispersoid sizes in the DPZs were much smaller than those

from practice A (Fig. 5). The dispersoid characteristics in the

case of practice B are also quantified in Table 4. Due to pre-

cipitation of small dispersoids in DPZs, the distribution of

dispersoids in the Al matrix was more uniform, and the

average size of dispersoids was much smaller than those for

practice A (B/M-RT and B/M-1R2). Although the volume frac-

tions of the dispersoids in practice B were lower than those in

practice A, the number densities of the dispersoids exhibited

the opposite tendency. For the same process route, the num-

ber densities and volume fractions of dispersoids in the M

alloys were higher than those in the B alloys.

3.3. Mechanical properties of rolled sheets

3.3.1. Microhardness
Fig. 7a shows the microhardness values of the B and M alloys

with different heat treatments. The microhardness of either

alloy was significantly improved after one-step or two-step

heat treatments, which can be attributed to precipitation of

large numbers of dispersoids during heat treatments (Fig. 3).

Furthermore, the microhardness was higher with the two-

step heat treatment than with the one-step heat treatment,

and the M alloy had a higher microhardness than the base

alloy B under the same heat treatment conditions, which co-

incides with the corresponding dispersoid characteristics

revealed by TEM (Fig. 3 and Table 3).

Fig. 7b shows the microhardness values of the B and M

alloys with different process routes. The microhardness

values of the B andM alloys processedwith practice B (B/M-OR

and B/M-TR) were generally higher compared to those pro-

cessed with practice A (B/M-RT and B/M-1R2), which is

consistent with the TEM observation and dispersoid quanti-

fication in terms of the size and number density (Table 4). For

the same group of process routes, the hardness differences

were small; for instance, the hardness values for the B/M-TR

conditions were slightly higher than those for the B/M-OR

conditions. Under the same process conditions, the hard-

ness of the M alloy was higher than that of the B alloy due to

the higher number densities and volume fractions of disper-

soids in the M alloys (Table 4).
3.3.2. Room- and elevated-temperature tensile properties
Fig. 8 shows the room- and elevated-temperature yield

strengths (YSs) of the B and M alloys with different process

routes. The strength evolutions at both room temperature

and 300 �C with different process routes showed a trend

similar to that of the microhardness results (Fig. 7b). The

alloys processed with practice B (B/M-OR and B/M-TR)

exhibited higher YSs than those processed with practice A

(B/M-RT and B/M-1R2), with an average increase of 31% at

room temperature and 17% at 300 �C. Among various process

routes, the process route starting with the two-step heat

treatment followed by rolling (B/M-TR) led to the best me-

chanical performance. For a given process route, the YSs of

the M alloys were always higher than those of the B alloys.

Among all conditions, the M-TR process gave the highest YSs,

with a value of 214.7 MPa at room temperature and a value of

92.7 MPa at 300 �C.
The tensile properties (UTS, YS and El) of the B andM alloys

at both room temperature and 300 �C with different process

routes are listed in Table S1with some typical stressestrain

curves shown in Figs. S2 and S3 (see Supplementary Material).

As engineering materials applicable under different condi-

tions, both B-TR and M-TR alloys with the two-step heat

treatment followed by rolling exhibited excellent combina-

tions of room- and elevated-temperature properties. For

instance, the B-TR alloy produced a YS of 183.5MPa andUTS of

254.4 MPa at room temperature, and a YS of 86.9 MPa and UTS

of 97.3 MPa at 300 �C. Comparatively, the M-TR alloy was even

better and presented a YS of 214.7MPa andUTS of 268.1MPa at

room temperature, and a YS of 92.7 MPa and UTS of 101.3 MPa

at 300 �C. It is also interesting to mention that in the same

process group, the B-OR and M-OR alloys with one-step heat

treatment followed by rolling showed slightly lower tensile

properties relative to the B-TR and M-TR alloys and still

exhibited good combinations of room- and elevated-

temperature properties.

3.3.3. Elevated-temperature tensile properties after different
thermal exposures
To study further the mechanical properties and thermal sta-

bilities of the materials at elevated temperatures, all rolled

sheets were exposed to a temperature of 300 �C for 100 h. In

addition, selected samples of B-TR and M-TR alloys were also

exposed to temperatures of 350 and 400 �C for 100 h. Following

thermal exposure, the tensile properties were measured at

300 �C. The YSs after thermal exposure for the B and M alloys

treated with different process routes are shown in Fig. 9. After

thermal exposure at 300 �C for 100 h (Fig. 9a), almost no

change was found in YSs for all alloys and process conditions,

and the decreases in YSs were limited to 1e2.7% compared to

the initial YSs before thermal exposure (Fig. 8b). With in-

creases in the exposure temperature to 350 and 400 �C, the YSs

were moderately decreased for the B-TR and M-TR conditions

(Fig. 9b). When compared with the initial YSs before thermal

exposure (Fig. 8b), the declines in YSs for the exposure tem-

peratures of 350 and 400 �C were ~7.2 and ~16%, respectively.

The tensile properties at 300 �C (UTS, YS and El) after thermal

exposures at three different temperatures are listed in Tables

S2 and S3 (see Supplementary Material). At 300 �C, the

ductility of the material is generally not of primary concern,

https://doi.org/10.1016/j.jmrt.2022.06.171
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Fig. 3 e Bright-field TEM images for the dispersoids formed in B and M alloys after heat treatments, (a) BeO, (b) B-T, (c) M¡O

and (d) M-T, and TEM-EDS spectra (e and f) from dispersoids in the BeO and M¡O conditions, respectively. The insets of (a)

and (c) show corresponding SAEDPs (see also Fig. S1 in Supplementary Material).
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Fig. 4 e Microstructures of rolled sheets: (a) and (c) B-TR; (b) and (d) M-TR.
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where the elongation can easily reach 45e55%. The changes in

the UTS after thermal exposure exhibited the same trend as

the YS. Generally, the data indicated that the hot-rolled ma-

terials in the B-TR and M-TR conditions had excellent thermal

stabilities up to 350 �C. Even after thermal exposure at 400 �C,
the materials still had fair thermal stabilities and exhibited

YSs as high as 73e78 MPa at 300 �C, thereby providing reliable

safety margins at high service temperatures.
4. Discussion

4.1. Effect of the process route and Mo microalloying on
the microstructure and mechanical properties

Conventional 3 xxx alloys are non-heat-treatable Al alloys and

are strengthened mainly by strain hardening and solid solu-

tion hardening. With the optimized chemical composition

(Mn, Si, Fe and Mo) used in the present work [12,16,17], the

precipitation of a large number of semicoherent a-Al(MnFe)Si

dispersoids in the Al matrix was promoted by heat treatment

at 375 �C, and thereby dispersoid hardening was the main

strengthening mechanism affecting mechanical properties.
Because the a-Al(MnFe)Si dispersoids are thermally stable at

300e350 �C [12,16], materials containing such dispersoids

would be especially suitable for different applications at

elevated temperatures.

The characteristics of dispersoids (size, number density,

fraction and distribution) have a great impact on elevated-

temperature mechanical properties. It was discovered in the

present work that refinement of dispersoids during large

plastic deformations (hot rolling) in practice Bwas particularly

promising for improving the distributions of dispersoids and

hence enhanced elevated-temperature mechanical proper-

ties. Dispersoid refinement was induced by (i) partial disso-

lution of the existing dispersoids during hot rolling and (ii)

dislocation-induced precipitation of new dispersoids in both

DRZs and previous DFZs. Dispersoid refinement after severe

plastic deformation has been found with other Al alloys

[30e34]. Hu et al. [34] investigated precipitate refinement in

AleCu alloys after severe plastic deformation and found that

the mechanism of precipitate refinement was related to the

mismatch degree between the precipitates and the matrix. If

the precipitates were coherent or semicoherent with the

matrix, matrix deformation caused the precipitates to deform

together, which resulted in an increase in the free energy of
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Fig. 5 e TEM images showing the dispersoid distribution after applying practice A: (a) DRZ of B-RT, (b) DPZ of B-RT, (c) DRZ of

M-RT, (d) DPZ of M-RT, (e) DRZ of B-1R2, and (f) DPZ of B-1R2.
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Table 4 e Characteristics of dispersoids formed in B and M alloys with various process routes.

Dispersoid characteristics Practice A Practice B

B-RT M-RT B-1R2 M-1R2 B-OR M-OR B-TR M-TR

Equivalent diameter in DRZ, nm 40.94 42.82 41.24 42.78 40.84 40.90 41.07 40.10

Equivalent diameter in DPZ, nm 327.93 336.34 326.76 328.27 47.60 48.95 52.27 48.84

Number density, � 1019 m�3 10.51 12.89 12.67 14.98 43.45 48.45 45.06 50.99

Volume fraction, % 4.79 5.07 4.91 5.21 1.76 2.00 1.85 2.12

Area fraction of DPZ, % 37.37 34.38 35.19 32.13 26.12 24.67 24.36 23.15
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the system, in which case the precipitates partially dissolved

to maintain energetic stability. It was reported that the a-

Al(MnFe)Si dispersoids were semicoherent with the matrix

[14]. During large plastic deformation (hot rolling), large dis-

persoids that formed during the preceding heat treatment

were partially dissolved. Because the rolling temperature was

quite low (350 �C) and there were many dislocations present,

new and small dispersoids were formed in both the DRZs and

DPZs during hot rolling. Therefore, the dispersoids were

smaller, denser and more uniform (Fig. 6a, c and e, Table 4)

compared to the dispersoidmicrostructures generated by heat

treatment only (Fig. 3, Table 3).

In contrast, practice A caused precipitation of unusually

large dispersoids in DPZs and increases in the fractions of

these zones (Fig. 5 and Table 4). During large plastic de-

formations (hot rolling), heavy stresses were applied on the

hard intermetallic particles in the interdendrite boundaries,

and a large number of dislocations accumulated in the re-

gions. The abundant dislocations greatly facilitated diffusion

of solute elements and consequently promoted precipitation

of dispersoids during rolling, and the dispersoids were

coarsened during subsequent heat treatment. Therefore, the

dispersoids were extremely large in the DPZs, and the fraction

of DPZs was enlarged. The dislocations in the grain interiors

caused by deformation also promoted dispersoid nucleation.

However, dispersoid overgrowth and coarsening in the DPZs

consumed large amounts of solute elements. The amount of

solute elements in the DRZs in the B/M-RT and B/M-1R2 con-

ditions were therefore less than those in the B/M-OR and B/M-

TR conditions, which decreased the driving force for disper-

soid precipitation in the DRZs in the case of practice A.

Therefore, the strengthening effects of dispersoids at both

room and elevated temperatures were much better with

practice B than with practice A, as shown in Fig. 8.

Introducing the two-step heat treatment promoted

dispersoid precipitation in cast ingots, resulting in a higher

number density of dispersoids and a reduction of DFZs

compared with the one-step heat treatment (Fig. 3 and Table

3). However, conducting hot rolling between the two steps of

heat treatment (B/M-1R2) seemed to provide little advantage

(B/M-1R2 vs. B/M-RT, Figs. 8 and 9). In addition, refinement

effects of the dispersoids in practice B seemed to outweigh the

beneficial effects of the two-step heat treatments in the B/M-

OR and B/M-TR conditions. Therefore, the strength in-

crements in the B/M-TR samples relative to the B/M-OR con-

ditions were marginal (see Figs. 8 and 9).

After thermomechanical processing, the beneficial effects

of Mo microalloying on the dispersoid distribution and me-

chanical strength were obvious, which is consistent with
results of cast ingots in previous works [16,23]. The addition of

a small amount ofMo did not change the dispersoid sizemuch

but increased the volume fraction of dispersoids and

decreased the fraction of DPZs (Table 4). It was confirmed in

the present work that, for a given process route, the distri-

butions of dispersoids in M alloys in terms of number density

and volume fraction were better than those in B alloys. As a

consequence, the elevated-temperature YSs of M alloys were

further improved by ~7% relative to those of the B alloys

without Mo (Fig. 8b).

4.2. Thermal stability at elevated temperatures

As mentioned above, materials containing thermally stable

dispersoids can exhibit good elevated-temperaturemechanical

properties after thermomechanical processing. On the other

hand, the thermal stabilities of microstructures and mechani-

cal properties are important for Al alloys used at elevated

temperatures. Once a reasonable amount of dispersoids has

been formed via different combinations of heat treatment and

hot rolling, the rolled sheets are stable and able to operate at

temperatures reaching 0.7 Tm (Tm ¼ absolute melting temper-

ature). The results presented in Section 3.3.2. indicated that the

mechanical properties resulting after heating at 300 and 350 �C
(0.6e0.7 Tm) for 100 h for all process routes were close to the

original values seen before thermal exposure (Fig. 9 vs. Fig. 8b)

due to the thermal stabilities of a-Al(MnFe)Si/a-Al(MnFeMo)Si

dispersoids [12,16]. When the exposure temperature reached

400 �C (above 0.7 Tm), the mechanical properties deteriorated

slightly due to dispersoid coarsening at such high tempera-

tures. The TEM results shown in Fig. 10 confirmed that the

dispersoids formed in theB-TRandM-TR samples after thermal

exposure at 400 �C for 100 h were somewhat coarsened. The

sizes of the dispersoids increased, and the number densities

were reduced to some extent compared with those exhibited

before thermal exposure, as shown in Fig. 6c-f. Coarsening of

the dispersoids weakened their capacity to hinder dislocation

movement, and therefore, the elevated-temperature strengths

dropped moderately under these conditions.

It is interesting to note that the dispersoid size in the Mo-

containing M-TR sample was still smaller than that in the

Mo-free B-TR sample after thermal exposure at 400 �C for

100 h (Fig. 10c and d vs. Fig. 10a and b). This result revealed

slower coarsening rates of the dispersoids in the Mo-

containing M alloy due to the extremely low diffusion rate of

Mo present in these dispersoids. Therefore, theMo-containing

M alloys exhibited higher elevated-temperature strengths

relative to the base B alloys after thermal exposures between

300 and 400 �C (Fig. 9b).
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Fig. 6 e TEM images showing the dispersoid distribution after applying practice B: (a) DRZ of B-OR, (b) DPZ of B-OR, (c) DRZ of

B-TR, (d) DPZ of B-TR, (e) DRZ of M-TR, and (f) DPZ of M-TR.
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Fig. 7 e Microhardness of B and M alloys with different: (a) heat treatments and (b) process routes.

Fig. 8 e Yield strengths (YSs) of B and M alloys with different process routes: (a) at room temperature and (b) at 300 �C.

Fig. 9 e Yield strengths (YSs) of B andM alloys at 300 �C: (a) with different process routes after thermal exposure at 300 �C for

100 h, and (b) for B-TR and M-TR conditions after thermal exposures at different temperatures for 100 h.
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Fig. 10 e Dispersoid distribution after thermal exposure at 400 �C/100 h: (a) DRZ of B-TR, (b) DPZ of B-TR, (c) DRZ of M-TR, and

(d) DPZ of M-TR.
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In conventional precipitation-hardening Al alloys, such as

2 xxx, 6 xxx and 7 xxx alloys, nanoscale precipitates (Al2Cu,

Mg2Si and Zn2Mg types) provide excellent room-temperature

mechanical properties. However, once the materials experi-

ence high temperatures or use at over-temperatures (>0.5 Tm),

the mechanical properties deteriorate dramatically to very

low levels due to rapid coarsening of such precipitates.

Moreover, this process is irreversible, and thematerials can no

longer be reused under normal conditions. The results in this

study demonstrated that dispersion strengthened materials

after optimizing the thermomechanical process and chemis-

try (M-TR condition) provided high strengths at elevated

temperatures (as high as above 90 MPa YS at 300 �C) and

excellent thermal stability up to 350 �C. It should alsomention

that in the conventionally processed AA3004 wrought alloy,

the YS at 315 �C after thermal exposure at 315 �C for 100 h was

only 41 MPa [35]. The unique engineering advantages of these
elevated-temperature sheet products provide a great oppor-

tunity to meet the rapidly expanding industrial demand for

lightweight Al alloys that are capable of working at either

long-term or periodic elevated temperature exposures.
5. Conclusions

In this study, the AA3004 base alloy and its variant micro-

alloyed with Mo were cast and processed with various combi-

nations ofheat treatments andhot rolling. Themicrostructures

were observed, and mechanical properties were evaluated at

room and elevated temperatures. The following conclusions

were drawn:

1) Introducing the precipitation heat treatment for non-

heat-treatable AA3004 alloys promoted precipitation of
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a large number of a-Al(MnFe)Si dispersoids in the in-

teriors of Al grains/cells as a major strengthening phase.

Microalloying with Mo and two-step heat treatment

increased the number densities and volume fractions of

dispersoids and decreased the area fractions of

dispersoid-free zones.

2) The processing route significantly affected the character-

istics and distributions of dispersoids. For alloys that un-

derwent hot rolling prior to heat treatment (practice A), the

dispersoids were substantially coarsened, while for the

alloys that underwent heat treatment followed by hot

rolling (practice B), the dispersoids were refined, and their

distribution in the matrix was more uniform.

3) The alloys processed with practice B exhibited higher

tensile strengths at both room and elevated temperatures

than those processed with practice A, with average in-

creases in yield strength of 31% at room temperature and

17% at 300 �C. Among all conditions, the Mo-containing

alloy subjected to the two-step heat treatment followed

by hot rolling exhibited the highest yield strengths of

215MPa at room temperature and 93MPa at 300 �C because

it showed the best number density, volume fraction and

distribution of dispersoids.

4) Both the base and Mo-containing alloys subjected to the

two-step heat treatment followed by hot rolling had

excellent thermal stabilities up to 350 �C. After thermal

exposure to 300e350 �C for 100 h, almost no significant

changes were observed in elevated-temperature yield

strengths. With an increase in the thermal exposure tem-

perature to 400 �C, the yield strengths deteriorated slightly

due to dispersoid coarsening.
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