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Abstract
The sequence and kinetics of pre-precipitation nnMig-1.43Nd (wt.%) alloy was

investigated after severe plastic deformation bgh¥pressure torsion (HPT) at room
temperature usingh situ synchrotron X-ray diffraction and differential sceng calorimetry
(DSC). In situ aging at 250°C up to 5 h led to precipitation lué f8,-MgsNd andp-MgioNd
phases but without any evidence for the metastfbl@ndifferentiatedp -DO19 andp’-
Mg-Nd ) or equilibriumBe-MgsiNds phases. Th@;-MgsNd andp-Mg;oNd phases appeared
rapidly after HPT processing and their amounts welatively large compared to the non-
deformed sample. The Avrami time exponent of iHég;,Nd phase had a value near unity
indicating a mechanism of nucleation after sataratand growth of the particles in 2
dimensions. DSC analysis revealed all metastabésgshas well as the equilibrium phase.
The activation energies associated with the prexpitation phases ranged between ~126 and
~235 kJ maf.
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1. Introduction

Magnesium-rare earth (RE) alloys have received maitbntion recently in the
automotive and aerospace industry due to theilosan resistance, better room temperature
formability and relative high strength [1-3]. Sudftrengthening was attributed to a
distribution of plate-shaped or lath-rod-shapedcipitates of intermediate or equilibrium
phases formed parallel or normal to the basal phditiee magnesium matrix phase [2]. It was
shown that die-cast Mg-RE (RE = Nd, Ce, La) alleykibit high creep resistance (at 177 °C)
with the Mg—Nd alloys being the most creep-resistahis temperature is close to the mean
operating temperatures (150-200 °C) for powertegplications, namely, the transmission
case and the engine block [4, 5]. Such creep assist of die-cast Mg—RE alloys was
associated with mechanism of strengtheningae¥lg matrix by solid solution and/or
precipitation [4, 5]. Furthermore, the strengthMg-Nd alloys may be enhanced through
solid solution strengthening and subsequent themachanical treatments [6].

Severe plastic deformation (SPD) techniques, sscbgaal-channel angular pressing
(ECAP) [7], accumulative roll bonding (ARB) [8] ardgh-pressure torsion (HPT) [9], have
the potential not only to produce ultrafine-graif&d-G) microstructures [10-13] but also to
significantly affect the size and distribution akpipitates within the matrix [14]. They have
also a great influence on the sequence and kinefiggecipitation in alloys [15]. This is
generally attributed to the extra dislocations adtrced into the matrix by SPD which
accordingly provides additional nucleation sitessgfecipitation.

The general precipitation sequence for binary Mgaldys was reported as follows:
SSS— GP zones— B -MgsNd — B -Mg7Nd — B1-MgaNd — B-MgioNd — Be-MgaiNds [2,
16] but recently the following precipitation sequerwas proposed: SSS GP zones (N, V,
hexagon)— B — B1 (fcc, MgNd) — P (tetragonal, MgNd) — Pe (tetragonal, MgNds)

[17]. It was considered that tife phaseincludes the -MgsNd and p-Mg;Nd phases and
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ranges in composition fromyx = 0.125 to xg = 0.166. The orientation relationship between

the $” (with an ordered DO19 structure) aneMg phase was such that [00§1}[0001}, and

{2110}y //{2110},. While that of thés-Mg;Nd (with an orthorhombic structure) was [190]

/l[1210], and {001}y /{0001},. The B1-MgsNd phase has the crystallographic relationship
[001] g1 // [llé 0], and {110}, //{1102},. The orientation relationship betwepfMgi.Nd

and the matrix was reported to be the followin@J2js //[1010](, and {1010}5 //{0001}, and
finally the Be-Mg4iNds equilibrium phase is fully non-coherent with theatnx [18]. The
morphologies and compositions of the metastablesgha the early stage of Mg-Nd alloy
aging were the focus of some recent studies usigig-dngle annular dark field scanning
transmission electron microscopy (HAADF-STEM) amdétom probe tomography analysis
[16, 17, 19, 20]. However, except only for a singleneering investigation [6], there was
very little attempt to quantify the pre-precipitatiand precipitation kinetics in Mg-Nd alloys
either after conventional deformation or after gssing by SPD. Accordingly, the aim of this
work was to investigate the decomposition kinet€spre-precipitation in an Mg-1.43Nd
(wt.%) alloy after SPD processing by HPT usingsitu synchrotron X-ray diffraction and

differential scanning calorimetry (DSC) analysis.

2. Experimental material and procedures

The Mg-1.43Nd (wt.%) alloy samples were providedmas-cast state by colleagues
from the Institut fir Metallkunde und MetallphysfiMM), Aachen, Germany. The as-cast
alloy was subjected to a solution annealing at 835or 6 h followed by quenching into
water. Several cylindrical rods were machined fritv@ initial blocks with diameters of 10
mm and lengths of 50 mm. For HPT processing, diskse sliced from the rods with

thicknesses ofD.9 mm and these disks were then inserted into R tdcility. These disks



were processed at room temperature (RT) througddistaf Y2, 1, 5 and 10 turns using an
imposed pressure of 6.0 GPa, a rotational speeldrpim and quasi-constrained conditions
where there is a small outflow of material arouheé fperiphery of the disk during the
straining operation [21]. After processing, thead#ti were heated in an Anton-Paar furnace
without any protective atmosphere at 250 °C for ttorder to clarify the precipitation
sequence. These disks were subjected to X-rasadifbn on the DIFFABS beamline at the
SOLEIL synchrotron (Gif-sur-Yvette, France) by itinating with a monochromatic X-ray
beam at an energy of 9 keV (0.1377 nm). A 2D X-nghrid pixel detector (XPAD-S140)
was used in order to analyze the early stagesedfiptation with the detector recording the
patterns every 0.025 s. The recorded 2D spots imeggrated into 1D diffractograms using
in-house software at the DIFFABS beamline. In otdecompare the precipitation behavior,
some solution treated samples were aged at 250r°&€H without HPT processing.

Differential scanning calorimetry (DSC) analysistioé Mg-1.43Nd (wt.%) alloy after
solid solution and HPT processing was performedgusi 2920 MDSC calorimeter under a
nitrogen atmosphere with a pressure of 1 bar. &g of 18-20 mg were cut near the
centers of the disks and placed in an aluminumilolei€6.5 mm inner diameter and 1 mm
height) for introduction into the DSC furnace, vehiitn empty Al crucible was used as a
reference. Four heating rates (5, 10, 20 and 3thitQAvere applied in the DSC experiments

over a temperature range from 80 to 500 °C.

3. Experimental results
3.1. In situ synchrotron XRD

Figure 1 presents the X-ray diffraction patterngshef Mg-1.43Nd (wt.%) alloy after
solution annealing at 535 °C for 6 h andsitu aging at 250 °C to 5 h. The first XRD pattern

shows the presence of 3 peaks of the Mg matrixthegevith another peak which appears to



belong to thé3-Mgi1,Nd phase. As thi situ ageing time increases, a new peak appear@8 at 2
= 21.45° indexed as tH®-MgsNd phase. It is clear that the amount of faklg:oNd phase
increases as new peaks develop néar21.67° and 29.32°. The peak of fhyeMgsNd
phase near@= 21.45° was observed shortly after 6 min agingemmuch longer times of up
to 160 min were required for appearance offthdg1,Nd peak.

Figures 2 and 3 show the X-ray diffraction patteofighe Mg-1.43Nd (wt.%) after
HPT processing to 1 and 10 turns, respectivelyaiobtl duringn situ ageing at 250 °C to 5
h. The amounof the f1-MgsNd andB-Mg:2Nd phases (which is directly proportional to the
intensity) during thein situ aging is larger after HPT processing comparedht® rion-
deformed state (Fig. 1) and it also increases witleasing strain. The peaks of tfe
MgsNd precipitate in the sample deformed after 1 H®&h appear after 5 min annealing at
250 °C and their intensity increases until 98 nmmd ghen decreases up to 5 h. These peaks
develop more rapidly (~3 min) for samples deforraéidr 10 HPT turns as shown in Fig. 3.
Furthermore, their intensity decreases from 67 amd there is a full dissolution after 5 h of
annealing at 250 °C. The relative error of the sstrapparition time of any precipitate was
estimated as ~ 0.013 %. Therefore, such a lowivelarror does not alter considerably the
kinetics. Concerning thg-Mg;2.Nd phase, Figs 2 and 3 show that its associateks @gapear
after 56 and 50 min of annealing for samples deéolnup to 1 and 10 HPT turns,
respectively, and their intensities show a contirsuimcrease with increasing ageing time.
3.2DSC analysis

Figure 4 presents the DSC curves of Mg-1.43Nd%vafter solid solution annealing
and HPT processing to 1 and 10 turns obtained béaing rate of 30 °C/minA first
exothermic peak is visible around 180 °C in the Xs€es of the 1 and 10 HPT samples and
this corresponds to a recrystallization processegond exothermic signal around 220 °C is

assigned to the precipitation of tgg€'(undifferentiated p”’-DO19 and p-Mg;Nd ) phases.
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Their subsequent dissolution is recognized by ti@othermic peak Daround 250 °C as is
evident in Fig. 4The third exothermic peak corresponds to the pitatipn of thep;-MgsNd
phase, followed by precipitation ¢--Mg;oNd as shown by the appearance of a fourth
exothermic peak. The endothermic peakalbund 400 °C is the signature for the dissolution
of the B;-MgsNd and $-MgioNd phases. The last exothermic peak is associattéd the
equilibrium precipitate phas@e-MgsiNds. In general, these observations are in good
agreement with the precipitation sequence repaaekker [17].

The activation energies associated with the pretipn of B, B:-MgsNd and p-
Mg12Nd phases were estimated from the DSC curves tisengoswell method [22]:

|nl:0_£ (1)
T RT

P p
whereV is the heating ratd is the activation energy, is the maximum temperature of the
peak,R is the universal constant of gases & a constant. As is evident from Fig. 5, the
Boswell plots for thed’phase, 1-MgsNd andp-Mgi2Nd phases, respectively, yield straight
lines and the activation energies are determinah fthe slopes of these plots. The values of

activation energies for different precipitates @saare given in Table 1.

4. Discussion
4.1 Sequence of precipitation in the Mg-Nd alloy

Thein situ synchrotron X-ray diffraction patterns of the ndeformed and deformed
Mg-1.43 Nd (wt.%) alloy aged at 250 °C for 5 h $-3) were not able to detect the peaks
of the p’-MgsNd or p’-Mg,Nd phases during the early stage of annealinghEtntore, the
DSC analysis shown in Fig. 4 reveals a sequengaretfipitation that is consistent with a
recent proposal [17]. In the present investigatibe,use of high energy X-ray analysis failed
to detect these phases in the alloy. Usually, iny&sons of the precipitation evolution in the
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early stages of annealing in Mg-Nd alloys may béeautaken in specimens isothermally
annealed over the temperature range 170-190 °C1[4619]. In this range of annealing
temperatures, the diffusivity of Nd in Mg is veryw (~10%> m%/s at 177 °C) [19], thereby

permitting a convenient tracking of precipitatioaricig the very early stage of annealing.
Indeed, it was reported that aging at temperatbove 200 °C of Mg-2.35Nd (wt.%) alloy

caused a rapid dissolution of both GP-zones and ftidg,Nd phases while coarse
precipitates of;-MgsNd phase formed [16].

It is worth noting that th@.-Mg4:Nds equilibrium phase was not observed during
situ ageing at 250 °C up to 5 h. Indeed, it was replotthat thefe-Mg4i1Nds phase could be
observed only after annealing at higher temperat(#¥800 °C) [23]. In fact, the temperature
associated with the solubility limit for a nomiraloy concentration of 1.43% (wt.%) Nd is
around 480 °C [24] and this suggests that the pitation of Be-Mg41Nds phase is possible
below 500 °C. However, published XRD patterns of-8I§Nd (at. %) (~2.35 wt.%) solution
treated at 530 °C for 12 h fail to show any peakti@ Mg,;;Nds phase [25] and some recent
reports consider that MgNd is effectively the ultimate phase, or equililniphase, in the
precipitation sequence of the Mg—Nd alloy instefthe Mg,;Nds phase [6, 20, 26].

The present results in Figs 2 and 3 show that dunrsitu ageing the3:-MgsNd is
unstable while-Mg;2Nd is more stable in Mg-1.43Nd (wt.%) after HPT gessing up to 10
turns. It may be possible that certain alloyingretats and impurities such as oxygen could
stabilize metastable phases or dislocations caleatgca certain metastable phase despite the
values of heat of formation. The present study seencorroborate this statement owing to
the high level of introduced dislocations HPT pisirg.

However, contradictory results were reported frdmotetical predictions of phase
stability [27] that revealed th@tMgi1.Nd is the most unstable. The difficulty in the fatmon

of intermetallic compounds may be directly représénby the formation heat where the
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strongest negative value is indicative of an eafemation. Then the predicted binding
energies of the intermetallic compounds reveal flaltgioNd is the most unstable. These
controversies between the current results andeegplioposals [27] may arise from the
difficulty that all first principle calculations arnecessarily undertaken at a temperature of
absolute zero.

It is well established that the SPD processindlof/a after solution annealing leads to
very rapid precipitation [28]. In fact, the applicen of SPD leads not only to substantial grain
refinement but also to a high density of disloaagicand vacancies that will enhance the
atomic mobility and act as nucleation sites forcgrigation. For example, it was observed that
the presence of a high dislocation density sigaiftty accelerates the precipitate formation
kinetics [19]. Moreover, a reduction in the preapon temperature after ECAP processing
has been reported in the Cu-Cr-Zr system [29].his tase, the precipitation of the £u
phase was observed at 370 °C instead of 520 *@éonon-deformed sample [29]. However,
in the present investigation using HPT processipgaul0 turns there was no evidence for
such a drastic decrease in tBeMgsiNds equilibrium phase precipitation temperature
because thBe.-Mg41Nds equilibrium phase was not detected duiimgtu ageing at 250C up
to 5 h. Furthermore, Kilbius et al [30] have shotlkat ageing of Mg-1.2Gd-2.7Nd-0.49Zr
(wt.%) alloy at 250 °C for four hours caused forimatof the equilibriumBe-Mg4iNds phase.
This alloy has a very similar decomposition seqeeas the presently studied alloy but was
aged after solution annealing and quenching andeneras expected to have moderate level
of dislocations. This is not the case in the presardy where the SPD processing is known to
introduce considerable amount of defects (¥* 19?) [31]. It can be assumed hence, that the
dislocations do not influence the kinetics of edpiilm phases such g&-Mgs:Nds very

effectively that it takes a very long time to trioxen mainly due to kinetic reasons.



The activation energies for tif{g’phase, f1-MgsNd andp-Mgi.Nd precipitate phases
were found to be higher than that the lattice gifin of Mg (135 kJ mal) [32] except for the
p’phase after 10 HPT turns which gave a lower eahf ~126 kJ mdl. Very scarce data
about the activation energies associated with sttt phase transformations in Mg-RE
alloys exist in the literature. Only Nie et al. [@hd Riontino et al. [33] derived activation
energy values for Mg-0.5Nd and WE54 alloys, redpelst that were close to the present
ones. Indeed, the values of the activation engrigiedifferent phase precipitation show an
overall slight decrease of the activation energthwie amount of deformation introduced
into the material by increasing the numbers of HBMs. Thep;-MgsNd and 3-Mg;.Nd
phases showed the smallest and largest decreaspsctively. The activation energies for the
analyzed phases indicate an almost diffusion-ctiatroprocess of precipitation that is
influenced by the amount of defects introduced upéT processing. However, the
activation energies summarized in Table 1 are coalya to those reported in an earlier
investigation without SPD processing [6] which sesfg that the use of SPD does not
significantly affect the activation energy of theeqprecipitation process in the Mg-1.43Nd
(wt.%) alloy. In this earlier work [6], the precipte nature and crystallography were not fully
established as well as the precipitation sequenddimetics of an Mg-0.5Nd (at.%) alloy that
was solution-annealed and aged at temperature®®#320 °C. It was suggested that the
possible mechanism for the formation of differertégpitation phases was the diffusion of
solute atoms in the Mg matrix assisted by the ahnhduench-in vacancies [6]. Similar result
was also reported for the formation of (183 kJ mof) andp (177 kJ mot) phases of the
WE43 (Mg-4Y-3Nd, (wt.%)) alloy [33] and this may amunt for the slow kinetics of the
phase transformations commonly accepted for Mg-RRiysa

It seems also very probable that a nucleation-otlatt mechanism could occur where

the activation energy for nucleation decreasesislscdtion sites are increased. This is very
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probable since nucleation may occur both on disioea and on precipitate/matrix misfit
zones (formation of misfit defects at interphasenutaries). Furthermore, Choudhuri et al.
[19] have studied the precipitate evolution witlie a-Mg matrix of a HPDC Mg—Nd alloy
during isothermal annealing at 177 °C by couplirgaded TEM studies with atom probe
tomography. They evidenced that dislocations fatdd the formation of’-Mg-Nd andp;-
MgsNd phases preferentially via heterogeneous nuoleaupled with accelerated diffusion
of Nd along the dislocation lines (short-circuittps. However, they did not reveal any
precipitation off-Mg;oNd phase. In the present study, it obviously sedrasthep-Mg;.Nd
nucleation and growth are most sensitive to higtsie of dislocations.
4.2. Precipitation kinetics of f-Mg;2Nd during aging

The isothermal kinetics of phase transformationsald materials which proceed by
nucleation and growth mechanisms can be descripagtiedoJohnson-Mehl-Avrami equation

[34]:

X =1-exptkt’) (2)
wheret is the annealing timeé is a time constant andlis a coefficient that characterizes the

transformation process. The fraction transformé&dian be defined as:

x=1) 3)

I f
whereI(t) is the integrated intensity for a given reflectioh the B-Mg:2Nd phase (@ =
15.32°) as a function of the annealing time &nd the intensity when the whole sample is
transformed.
Figure 6 presents the evolutionlafin((1-X)™%)] as function ofn(t) for the-MgioNd
phase upoin situ aging at 250 °C of Mg-1.43Nd (wt.%) alloy after HBrocessing to 1 and
10 turns. The values of the Avrami exponent, calculated from the slopes of the

experimental data are equal to 0.95 and 1.10 ferMg-1.43Nd (wt.%) alloy after HPT
9



processing to 1 turn and 10 turns, respectivelysTthe values of the Avrami exponent are
close to 1.

According to the theoretical values tabulated byisGian [35], these results indicate
that the reaction of the precipitation correspotaa process of grain boundary nucleation
after site saturation and growth of the particte2 dimensions. Similar results for the Avrami
exponent value (1.00 £ 0.04) were also reportedvigf0.5Nd (at.%) aged at temperatures of
300-320 °C and this was explained by growth ofiglag in two dimensions [6] he results
do not fit a dislocation-based nucleation which #&war exponent stated a value equal to 2/3
[35]. However, it is to be noted that many studeeslenced progressive transformation of
cell boundaries (formed of tangled dislocations)sab-grain boundaries (formed of well-
ordered dislocations) into high angle grain bourdaduring severe plastic deformation
(SPD) and subsequent ageing [11-13, 36]. Ultra-firmned materials obtained by SPD
processing have a main feature that is the existeha significant volume fraction of grain
boundaries. It results in a number of unusual yproperties and high abnormal diffusion
activity [37]. It is reasonable to conclude, theref that HPT processing does not
significantly alter the nucleation mechanisms a#l a® the kinetics of th@-Mg;,Nd phase

duringin situ aging at 250 °C.

5. Summary and conclusions

1. After in situ aging of an Mg-1.43Nd (wt.%) alloy at 250°C for tgp 5 hours after
processing by HPT, it is shown that there is naente for the metastabp&’phase andp -
Mg-Nd phase or for the equilibriuffi-Mgs1Nds phase. Thé:-MgsNd andp-Mgi.Nd phases
appeared more rapidly after HPT processing compar#dte non-deformed state.

2. The amount of};-MgsNd and B-Mgi.Nd phases was larger after HPT processing

compared to the non-deformed sample and increagkdnereasing strain. The Avrami time
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exponent of thed-Mgi.Nd precipitation was close to unity and suggestedeghanism of
nucleation after site saturation and growth of plagticles in 2 dimensions. Processing by
HPT did not alter the nucleation mechanisms as aglihe kinetics of thp-Mgi1,Nd phase
during aging at 250 °C.

3. A DSC analysis of the Mg-1.43Nd (wt.%) alloy eaftSPD by HPT revealed the
sequence of pre-precipitation of metastable phasesell as the equilibrium phase using a
heating rate of 3W/min. The activation energy associated with the-grecipitation of3”
(undifferentiatedB”-MgsNd andf’-MgsNd), B1-MgsNd andB-Mg:o,Nd phases ranged from
~126 to ~235 kJ mdl The energy decreased with the amount of defoomatitroduced into
the material with increasing HPT turns. The resudigeal an almost diffusion-controlled
process of precipitation that is influenced by temsity of defects introduced during HPT

processing.
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Figure captions

Figure 1. X-ray diffraction patterns of the non-deformed Mg3Nd (wt.%) alloy after
solution annealing at 535 °C for 6 h anditu ageing at 250 °C to 5 h.

Figure 2: X-ray diffraction patterns of the Mg-1.43Nd (wt.%ter HPT processing to 1 turn,
obtained duringn situ ageing at 250 °C to 5 h: a) 2D and b) the integlg@attern.

Figure 3: X-ray diffraction patterns of the Mg-1.43Nd (wt.%ijter HPT processing to 10
turns, obtained duringn situ ageing at 250 °C to 5 h: a) 2D and b) the integrptdtern.
Figure 4: DSC curves of Mg-1.43Nd (% wt.) after annealin$28 °C for 6 h and processing
by HPT after 1 and 10 turns, scanned at a headitegof 30 °C/min.

Figure 5: Boswell plots for Mg-1.43Nd (% wt.) deformed by Hiep to 1 and 10 turns for:
(a) B’ phase, (b)p1-MgsNd and (c)3-Mgi12Nd.

Figure 6: Evolution ofIn[In((1-X)™)] as function ofn(t) for thep-Mg:.Nd phase observed at
in situ aged at 250 °C on the Mg-1.43Nd (wt.%) alloy af#T processing to (a) 1 turn and
(b) 10 turns.
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Table 1: Activation energies (kJ mol™) for different precipitate phases: data from [5] shown

for comparison.

Sample p'" phase P1-MgsNd p-MgioNd
Mg-1.43Nd (wt.%) 140 148 235
1turn
Mg-1.43Nd (wt.%) 126 147 166
10 turns

Mg-0.5Nd (at.%) 153 146 145 [5]
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Highlight

No evidence for th@’phase and MgNd phase or for the equilibrium MgNds phase.
TheB;:-MgsNd andB-Mgi.Nd phases appeared more rapidly after HPT proaessin
The Avrami time exponent of tieMg1,Nd precipitation was close to unity.

The activation energy of the pre-precipitation @sasnged from 126—235 kJ ol

The results reveal an almost diffusion-controlledcess of precipitation.



