Morphological and Calorimetric Studies on the

Amorphization Process of Rod-Milled AlsoZrs, Alloy Powders
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Amorphous AlsyZrs, alloy powders have been prepared by rod-milling technique using mechanical
alloying (MA) method. The amorphization and crystallization processes of the alloyed powders
were followed by optical microscopy, scanning electron microscopy (SEM), transmission elec-
tron microscopy (TEM), X-ray diffraction (XRD), differential thermal analysis (DTA), and
differential scanning calorimetry (DSC). The results have shown that the formation of amor-
phous AlsyZrs, alloy powders occurs through three stages, agglomeration, disintegration, and
homogenization. At the disintegration stage, the alloyed powders contain many fine layers of
Al and Zr. An amorphous phase has been formed at about 880 K as a result of heating these
layered particles in a thermal analyzer. The crystalline-to-amorphous transformation at this stage
of milling is attributed to a thermally assisted solid-state amorphizing reaction. The present study
corroborates the similarity of the amorphization process through the MA with the solid-state
interdiffusion reaction in multilayered thin films. The amorphization temperature, T, and the
activation energy of amorphization, E,, are 675 and 156 kJ /mol, respectively. In addition, the
enthalpy change of amorphization, AH,, was evaluated to be —3.5 kJ/mol. On the other hand,
the crystallization temperature, 7T, and enthalpy change of crystallization, AH,, were 1000 K

and —68 kJ/mol, respectively.

I. INTRODUCTION

UNTIL recently, amorphous metallic alloys were ex-
clusively prepared by rapid quenching from the liquid or
vapor states with very high cooling rates ranging from
10° to 102 Ks™'. In 1983, the phenomena of solid-state
amorphizing reactions induced by the solid-state inter-
diffusion of multilayered thin films,!"! hydrogen absorp-
tion,’? and mechanical alloying (MA)"! have been
investigated as a unique technique for preparing several
amorphous alloys. In fact, the MA process dates back
to 1970, when Benjamin¥' used this process for
producing composite metal powders with controlled
microstructures. So far, the MA process has been em-
ployed for producing many dispersion-strengthened
superalloys. -

In 1983, Koch er al.’! established the synthesis of
amorphous NigNb,, powders by MA of elemental Ni and
Nb powders using a high-energy ball mill. Since then,
the MA process via ball-milling!"? and/or rod-
milling!!!'2-'3 techniques has been used for preparing
various amorphous alloy powders.!"*-?*! Recently, El-
Eskandarany er al. have employed this process for
producing metal nitrides, such as Fe,N®*! and nonequi-
librium TiN,?! under purified nitrogen gas flow at room
temperature.

The present study reports morphological and calori-
metric studies on the amorphization and subsequent
crystallization processes of mechanically alloyed AlsZrs,
powders produced by the rod-milling technique. The rod-
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milled alloy powders have been characterized by means
of optical metallography, scanning electron microscopy
(SEM), transmission electron microscopy (TEM), X-ray
diffraction, differential thermal analysis (DTA), and dif-
ferential scanning calorimetry (DSC).

II. EXPERIMENTAL DETAILS

Pure elemental powders of Al (—325 mesh,
99.999 pct) and Zr (—200 mesh, 99.5 pct) were mixed
to give the desired average composition of AlsZrs in a
glove box under a purified argon atmosphere (O, and
H,O are less than 1 ppm) and sealed in a cylindrical
stainless steel shell (SUS 304, 120 mm in diameter) to-
gether with ten stainless steel rods (SUS 304, 10 mm in
diameter). The rod-to-powders weight ratio was 30:1.
The milling processing was carried out at ambient tem-
perature by mounting the rod mill on a rotator at the rate
of 1.4 s™'. The MA experiments were interrupted at reg-
ular intervals (starting with 1.8 ks), and a small amount
of the rod-milled alloy powders was removed from the
vial in the glove box.

The morphology of the alloy powders were studied by
optical microscopy, SEM operated at 20 kV, and TEM/
energy dispersive X-ray analysis (TEM/EDX) using a
200 kV microscope. The samples for TEM observations
were prepared by grinding the alloy powders under ethanol
and mounting the suspended powders on a copper micro-
grid. The structure of the alloy powders was character-
ized by X-ray diffraction (XRD) using MoK « radiation.
Moreover, the thermal properties of the alloys were
characterized by means of DTA under an argon atmo-
sphere at a heating rate of 0.33 K/s and DSC in a flow
of argon (0.83 ml/s). All the DSC results presented in
this study were obtained with heating rates of 0.67 K /s.
However, some alloys had been heated at several dif-
ferent heating rates (0.042, 0.083, 0.167, 0.333, 0.500,
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Fig. 1 —Scanning electron micrographs of rod-milled AlsZrs, alloy powders after (a) 11 ks, (b) 43 ks, (¢) 86 ks, (d) 173 ks, and (¢) 1440 ks
of MA time.
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Fig. 2— Cross-sectional view of the polished powder particles of AlsZrs, alloy after (a) 11 ks, (b) 43 ks, (¢) 86 ks, and (d) 260 ks of MA time.
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Fig. 3— Particles size distribution of Als,Zrs, alloy powders as a function
of MA time.
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and 0.833 K/s) to determine the amorphization activa-
tion energies (E,) using the Kissinger method.** More-
over, the induction coupled plasma (ICP) emission method
was used to analyze the contents of Al and Zr and the
degree of Fe contamination in the milled powders. The
oxygen contamination content in the alloy powders was
determined by the helium carrier fusion-thermal con-
ductivity method. After 1440 ks of milling, the iron and
oXygen contamination contents in the alloy powders were
detected to be 0.65 and 0.30 at. pct, respectively.

III. RESULTS
A. Morphology

For the purposes of the present study, detailed SEM
observations were performed to determine both of the
powders shape and size during the different stages of
milling. Figure 1 displays the SEM micrographs of rod-
milled AlyZrs, alloy powders after selected milling times.
The particles in the first stage of rod milling, exempli-
fied by the 11 and 43 ks alloy powders, are shown in
Figures 1(a) and (b), respectively. At the first few kilo-
seconds of milling (2 to 11 ks), the milling tools are
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Fig. 5—(a) The BFI and (b) DFI of mechanically rod-milled AlsZrs, alloy powders after 720 ks of MA time.
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Fig. 6—The BFI of the end product (1440 ks) AlsZrs, alloy
powders.

'-B\'m e TP, I OAl
|| B 'UHW l-i-k- o
u W O:':J/loku ]

!
I

ik 4l J Qs iTtae

(Arbitrary Units)

Intensity

1440 ks

10720 3040 B30
20 (degree)

Fig. 7—XRD of mechanically rod-milled AlsZrs, alloy powders as
a function of MA time.
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coated by thick welded layers of the starting elemental
powders. After 11 ks of the MA time, the particles have
a globe shape with cabbage or orange skinlike mor-
phology, as shown in Figure 1(a). The optical metallo-
graphic examinations of the cross section for polished
and etched particles have shown that the powders con-
tain many thick layers of Al and Zr (Figure 2(a)). Ob-
viously, the individual layer has a width of about
100 wm. Further milling (43 ks) leads to the formation
of powder particles with greater diameters, as large as
1000 wm, as shown in Figure 1(b). The cross-sectional
view for the powder particles shows that the layers be-
come finer, with widths varying from 10 to 25 um, as
shown in Figure 2(b). For longer milling times (86 to
173 ks), the size of the individual particles varies from
10 to 20 wm in diameter, as presented in Figures 1(c)
and (d). This is accompanied by a rapid decreasing of
the layers’ thickness in the individual particles
(Figure 2(c)). These layers become hardly visible even
by SEM after 260 ks, as shown in Figure 2(d). At the
end of the rod-milling process (1440 ks), the powder
particles become uniform in their sizes (less than 1 um
in diameter) and have spherical-like morphology, as shown
in Figure 1(e). During this stage of milling, the powders’
coating-wear is removed from the milling media. This
is because the amorphous alloy powders are not ductile
and are more brittle than the starting elemental powders.

Figure 3 summarizes the SEM observations of rod-
milled AlgZrs, alloy powders at the different stages of
milling. Obviously, the MA process performed by the
rod-milling technique is classified into three stages, ag-
glomeration, disintegration, and homogenization. In the
agglomeration stage (0 to 43 ks), the starting elemental
powders of Al and Zr are agglomerated as a result of the
repeated cold welding. Moreover, the powders vary widely
in size from 100 to 1000 um. However, at the disinte-
gration stage (43 to 360 ks), which can be also called
the amorphization stage (see next paragraph), the ag-
glomerated powder particles are subjected to a contin-
uous fragmentation to form finer powders with sizes less
than 10 wm in diameter. Furthermore, this stage of mill-
ing provides powder particles with narrow size distri-
bution. The homogenization stage (360 to 1440 ks) refers
to the last stage of rod milling, in which all the powders
are uniform in shape (almost spherical) and size (less
than 1 um in diameter).

To reveal much more information, the amorphization
progress via the rod milling technique has also been in-
vestigated by TEM and EDX. The TEM/EDX technique
provides information on the structure and composition
of the powder particles in very small areas (less than
50 nm in diameter). Moreover, this technique allow us
to distinguish between the crystalline and the amorphous
phase(s) in which SEM is not able to give such infor-
mation. Figure 4 shows the bright-field images (BFI) and
the selected-area diffraction patterns (SADP) of the milled
powders at the agglomeration and disintegration stages
of the MA process. After 11 ks of rod milling, the pow-
der particles are heavily faulted, characterized by par-
allel rows of faults which appear as multiple fringes, as
shown in Figure 4(a). The SADPs of two regions show
a sharp ring-spot pattern that is characteristic of several
simultaneously diffracting polycrystalline Al(fcc) (fcc =
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Fig. 8—Typical DTA curves of Als,Zrs, alloy powders at the agglomeration stage (@) and during the amorphization and homogenization stages

(b) of milling.

face-centered cubic) and Zr(hcp) (hcp = hexagonal close-
packed) (I) and Zr (II). It is worth mentioning that there
is no evidence of the formation of an amorphous phase
in this stage of milling. Figure 4(b) shows the BFI and
the corresponding SADP of four indicated regions for
the alloy powders in the disintegration stage of milling
(173 ks). The indicated structure in region I corresponds
to the polycrystalline Al/Zr crystals, as indexed in SADP
(I). On the other hand, the structure of region (II) cor-
responds to the diffused Al-Zr, as shown in SADP (I1I).
The crystalline reflections visible in the SADP originate
from elemental Zr, as shown in region (III) of
Figure 4(b). Contrary to this, region (IV) has a fine and
somewhat uniform structure, which indicates the exis-
tence of an amorphous phase, characterized by a halo
diffraction pattern, as shown in SADP (I1V). The TEM
images of the powder alloys after 260 ks of the MA time
are presented in Figure 5(a). Two regions are indicated
in the BFI, regions (1) and (II). The SADP of region (I)
indicates the formation of an amorphous phase coexist-
ing overlapped with a crystalline phase, characterized by
a halo pattern with sharp spot diffraction pattern. In order
to determine the origin of this spot pattern, a dark-field
image (DFI) was performed, as shown in Figure 5(b).
Obviously, very small crystalline particles (less than
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20 nm) are observed at the edge, originating from un-
processed Al (fcc). In region (II), however, a clear vis-
ible halo pattern is observed, suggesting the formation
of an amorphous phase, as shown in SADP (II). The BFI
of the end product AlsyZrs, alloy powders (1440 ks) is
shown in Figure 6. It shows a fine structure without
nanocrystalline dimension, suggesting the formation of
a complete amorphous phase.

B. Structure

X-ray analyses were performed in order to understand
the structure of the mechanically alloyed powders formed
during the different stages of milling. The XRD patterns
of rod-milled AlsZrs, alloy powders are shown in
Figure 7 as a function of the MA time. In the early stage
of MA (0 to 86 ks), the intensities of the Bragg peaks
for pure fcc Al and hep Zr crystals decrease simulta-
neously with increasing milling time. At the intermedi-
ate stage of the MA (86 to 360 ks), almost all of the
minor Bragg peaks from elemental fcc Al and hcp Zr
crystals disappear. Further, the major Bragg peaks from
pure Al and Zr reflections become wider. In the final
stage of the MA time (360 to 1440 ks), a homogeneous
amorphous phase is formed, characterized by broad halos
and smooth peaks.
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Fig. 9—TEM images and the corresponding diffraction patterns of AlsZrs, alloy powders milled for (a) 86 ks, then heated to (b) 880 K and

(c) 1025 K.

C. Thermal Analysis

Figure 8 shows the typical DTA curves for AlsZrs,
alloy powders as a function of the rod-milling time. All
the samples were heated to 1400 K (first run) and cooled
down to about 400 K. Then, second heating runs (dashed
lines) were performed in order to get a base line. The
DTA curves of the alloy powders in the agglomeration
stage of milling are shown in Figure 8(a). During this
stage of milling, a sharp endothermic peak appears at
about 930 K due to the melting of pure Al in the starting
material of Als,Zrs, powders. The melt then reacts with
elemental Zr powders in the mixture, characterized by
an exothermic peak appearing above 1100 K. After 43 ks
of milling, however, the endothermic and exothermic re-
action peaks have already disappeared and two broad
exothermic peaks appear. The peak temperature of the
first exothermic peak does not change with further mili-
ing, as shown in Figure 8(b). Contrary to this, the peak
temperature of the second exothermic peak is shifted to
the elevated temperature at the amorphization and ho-
mogenization stages of milling, as shown in Figure 8(b).
Toward the end of the MA time, the second exothermic
peak becomes pronounced and sharp and the first
exothermic peak disappears.

In order to identify the origin of these exothermic re-
actions, two samples of 86 ks mechanically alloyed pow-
ders were heated separately in the DTA for TEM
investigations at (I) and (II), as presented in Figure 8(b).

METALLURGICAL TRANSACTIONS A

The TEM observations have allowed direct imaging of
the phase formation for these samples. Figures 9(a)
through (c) show TEM images that were obtained from
(a) the as-milled 86 ks alloy powders and as-heated alloy
powders up to (b) 880 K and (c) 1025 K, respectively.
The DFI of as-milled alloy powders show nano-
crystalline particles of Al and Zr, as shown in
Figure 9(a). The SADP from several regions shows ring-
spot patterns that are characteristic of diffracting poly-
crystalline Al/Zr. We should emphasize that no evidence
for the formation of an amorphous phase could be ob-
served. Contrary to this, the SADP of the sample (II)
taken at 880 K indicates the formation of an amorphous
phase, characterized by the featureless image and clear
halo pattern, as shown in Figure 9(b). Consequently, it
is concluded that the first exothermic peak is due to the
transformation from the crystalline to amorphous state,
i.e., the solid-state amorphizing reaction. The sample (¢)
taken at 1025 K shows at all regions, without any ex-
ceptions, a sharp ring-spot pattern, as shown in
Figure 6(c). The ring pattern, which can be indexed as
polycrystalline AlZr, is characteristic of crystallization
of the amorphous phase.

The DSC curves for the low-temperature range (550
to 800 K) of MA Al Zrs, alloy powders are shown in
Figure 10 as a function of the milling time. The DSC
was used to get the values of the enthalpy change of
amorphization, AH,, the amorphization temperature, T,,
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Fig. 10— DSC curves of amorphization peaks for mechanically rod-
milled AlsZrs, alloy powders as a function of MA time.
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Fig. 11 —Effect of MA time on the amorphization temperature, T,
and the crystallization temperature, 7,, of rod-milled AlsZrs, alloy
powders.

Table I. Activation Energy of Amorphization, E,,
for Als,Zrs, Alloy Powders at a Selected Milling Time

MA Time (ks) E, (kJ/mol)
43 153
86 156
173 152
360 154
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Fig. 12— (a) and (b) Effect of the MA time on enthalpy change of
amorphization, AH,, and the enthalpy change of crystallization, AH,,
of rod-milled AlsZrs, alloy powders.

and the activation energy of amorphization, E,, with more
accuracy. The low-temperature exothermic peak, i.e.,
the amorphization peak, appears at about 680 K after
43 ks of the MA time. After 86 ks of the milling time,
this peak becomes more pronounced. Then this amor-
phization peak gradually disappears to be not remarked
after 720 ks of the MA time.

Figure 11 illustrates the T, (open symbols) and T,
(closed symbols) of mechanically alloyed AlsyZrs, pow-
ders as a function of the MA time. The value of T, does
not change with increasing the milling time, and the ac-
tivation energy of amorphization is substantially inde-
pendent of the milling time, as shown in Table I
However, the crystallization temperature, T,, increases
monotonically with increasing the milling time at the
amorphization stage of milling, suggesting a continuous
change of the composition of the amorphous phase, and
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approaches a saturation value of about 1000 K during
the homogenization stage of the MA time.

Figure 12(a) illustrates the change of AH, for me-
chanically alloyed AlsoZrs, powders during the MA pro-
cess. The value of AH, decreases sharply and approaches
a minimum value of about —3.5 kJ/mol after 86 ks of
milling. Then, AH, tends to increase monotonically to
be almost zero after 540 ks of the MA time. The en-
thalpy change of crytallization, AH, (the area under the
crystallization peak), is shown in Figure 12(b). The value
of AH, decreases monotonically with increasing the
milling time and approaches a saturation value of about
—68 kJ/mol after 540 ks of milling.

IV. DISCUSSION

The results of the present work have shown that the
MA process via the rod-milling technique consists of three
stages of milling. The mechanism of the MA process
through each stage of milling will be discussed in this
section from the point of view of morphology, structure,
and calorimetry.

A. The Agglomeration Stage

The agglomeration stage (0 to 43 ks) refers to the first
stage of the MA process. After few kiloseconds (4 ks)
of the MA time, the powder particles of Al and Zr are
blended together without forming any composite parti-
cles. At this stage of milling, almost all of the starting
materials stick to the surface of the milling media. The
particles that do not stick to the milling tools have layered-
structure morphology and contain many coarse layers of
elemental Al and Zr. Moreover, the composite particles
are grown in size to form powder particles of a large
diameter as a result of cold welding. At the end of this
stage, the particles have a size near 1000 pm in diam-
eter, and the layered-structure morphology becomes
clearly visible. During this stage, there is no significant
difference in the thermal properties between the alloy
powders and the starting materials at O ks of milling, as
was shown by the DTA measurements. Therefore, the
process at the agglomeration stage has the appearance of
just blending of the two elemental metal powders. It is
worthwhile to say that the particles of this stage vary
widely in composition and structure from particle to par-
ticle and within the particle itself, suggesting that the
alloys of this stage of milling are heterogeneous.

B. The Disintegration (Amorphization) Stage

In the disintegration stage (43 to 360 ks), a rapid dis-
integration of the powder particles occurs, and the par-
ticles are reduced sharply in size. Furthermore, all of the
particles contain many narrow layers of Al and Zr in a
good arrangement as a result of the shear force generated
by the rods. The DTA measurements of the alloys at this
stage reveal two separate reactions: the first reaction oc-
curs at relatively low temperature (around 675 K), and
the second reaction appears at the elevated temperature.
The TEM observations have suggested that the first re-
action occurs due to a solid-state amorphization reaction
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between the layers of Al and Zr in the composite par-
ticles. However, the second reaction occurred due to
subsequent crystallization of the amorphous phase(s). It
is worthwhile to say that the formation of the amorphous
phase in this stage occurs due to a thermally assisted
amorphization*! conducted by the DTA. As the com-
posite particles contain many layers of Al and Zr, AH,
decreases sharply as a consequence of the solid-state dif-
fusion reaction between these layers. On the other hand,
AH, increases rapidly with decreasing the number of layers
in the particles. When the powder particles do not have
any layers of the elemental starting elements, heating them
in the DTA does not lead to the formation of any
amorphous phases and AH, becomes zero, as will be
discussed in Section C.

During this stage, both T, and —AH, increase mono-
tonically, suggesting a compositional change and an in-
crease in the volume fraction of the amorphous alloy in
the milled powders, respectively. In fact, it is difficult
to attribute the formation of the amorphous phase in this
stage to the thermal-assisted amorphization only because
part of this amorphous phase has occurred mechanically,
as was shown in the XRD of the milled alloy powders.
Moreover, AH, is larger than AH,, suggesting that two
kinds of amorphous phases are crystallized, thermally
and mechanically amorphous phases. Thus, the crystal-
lization process in this stage contains the crystallites of
the as-milled amorphous phase(s) plus the crystallites of
as-heated amorphous phase(s).

The amorphization stage is unique in that an amor-
phous alloy free from iron and oxygen contaminations
can be obtained just by heating the layered particles to
about 880 K without further milling. However, the formed
amorphous via the DTA method is not homogeneous,
indicated by the broad crystallization peaks, as shown in
Figure 8. Moreover, this amorphous phase(s) is not sta-
ble and has a low thermal stability, suggested by the low
values of AH, and T, as shown in Figure 12. Therefore,
further milling is required to improve the thermal
properties of the amorphous alloy and to form a stable
and homogeneous amorphous alloy (see Section C).

C. The Homogenization Stage

The homogenization stage (360 to 1440 ks) is the last
stage of milling in which the solid-state amorphizing re-
action takes place homogeneously to form a uniform
amorphous phase. Toward the end of this stage, the
amorphous phase has XRD patterns with broad and smooth
peaks. It is worth noting that the layered-structure mor-
phology, as examined by cross-sectional SEM of the
particles, had already disappeared. Therefore, the first
exothermic peaks which are related to a thermally as-
sisted solid-state amorphizing are absent, indicating that
the formation of the amorphous phase occurs due to a
mechanical driving force. During this stage, the amor-
phous alloy powders crystallize through a single sharp
exothermic peak, suggesting that the formed amorphous
phase is single and homogeneous in composition. In fact,
the milling process at this stage occurs fast and much
more homogeneously than that at the last two stages.
This is demonstrated by the nearly constant values of the
particle size, T, and AH,.
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V. CONCLUSIONS

The goal of the present article has been to provide a
systematic evolution of the mode of amorphization and
crystallization for mechanically rod-milled AlsyZrs, alloy
powders. The present work allows the following
interpretations:

1. The amorphization process takes place in three dis-
tinct stages, agglomeration, disintegration, and ho-
mogenization. The end product of each stage varies
widely from stage to stage in the structure, mor-
phology, and thermal properties.

2. At the amorphization stage of MA, heating the alloy
powders to 880 K leads to the formation of an amor-
phous phase by thermally assisted amorphization
reaction.

3. The enthalpy change of amorphization, AH,, of
86 ks alloy powders was found to be —3.5 kJ/mol.

4. The amorphization temperature, 7,, and the activa-
tion energy of amorphization, E,, are independent of
the MA time and almost have the same value of about
675 K and 156 kJ/mol, respectively.

5. The crystallization temperature, 7,, and the heat of
the enthalpy change of crystallization, AH,, of amor-
phous AlsgZrs, alloy powders milled for 1440 ks were
determined to be 1000 K and —68 kJ/mol,
respectively.
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