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Analysis of the microstructure obtained by
using unidirectional solidification, tungsten
inert gas weld and laser surface melt
traversing techniques in AI-Mn alloys

J. A. JUAREZ-ISLAS
Institute of Physics, Cuernavaca Laboratory, P.O. Box 139-B, C.P. 62191, Cuernavaca,
Morelos, Mexico

A major challenge to solidification theory over nearly three decades has been the understanding,
prediction and control of rapidly solidified microstructures. The present paper reports results of
systematic and controlled conditions of rapid solidification in Al-Mn alloys, which involved
measurement of undercooling, solute concentration and cell spacing for solidification front
velocities, which were increased progressively, to the level needed for partitionless solidification
into a microsegregation-free solid which, in principle, can be crystalline, quasicrystalline or
amorphous. Comparison of the measurements with predictions of theoretical modelling give an
encouraging level of agreement.

Nomenclature

A constant = n?I"/P2D?

A constant = k(ab)!/?

B constant = mC,p& /D[l — pl (P)]

B’ constant

C =G(Km™1)

Ceu eutectic composition (at %, wt %)

C, alloy concentration (at %, wt %)

Ct tip concentration in liquid (at %, wt %)
Ccg tip concentration in solid (at %, wt %)

D diffusion coefficient in liquid (m?s™?)

G temperature gradient (Km™*)

I,(P) Ivantsov function (P exp(P)E(P))

p solute Péclet number = V,R/2D

R tip radius (m)

Tey eutectic temperature (K)

T melting point of pure substance (K)

Ts arrest growth temperature (K)

T, liquidus temperature (K)

Vo absolute stability velocity (ms™!)

Ve solidification front velocity (ms™!)

a material constant

b material constant

k distribution coefficient (Cg/Cy)

k constant

m liquidus slope (K/at %, K/wt %)

n exponent

p complementary distribution coefficient (1 — k)
r Gibbs-Thomson coefficient (o/As¢) (Km)
As; entropy of fusion per mole (Jmol *K™1)
AT, liquidus—solidus range at C,(T; — Ty) (K)
Ay cell spacing (m)

c solid/liquid interface energy

n = 3.1416

E. constant = 1 — (2k/[1 + 2n/P)*]"* — 1 + 2k)
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1. Introduction
Solid solubility extension of equilibrium crystalline
phases is one of the major constitutional effects of
rapid solidification of alloy melts. Thermodynamic
conditions for its occurrence, as well as the kinetic
considerations affecting the formation of an extended
solid solution from a melt of particular alloy composi-
tion (i.e. morphological stability and solute trapping)
have been discussed in the literature [1]. Advances
have also been made recently in modelling the growth
of dendrites in the range of velocity approaching that
for absolute stability [2-6]. Conditions for micro-
segregation-free solidification of Ag—Cu alloys by elec-
tron-beam surface traversing [7] and measurements
of growth temperature, solute concentration and cell
spacing of Al-Mn extended solid solutions formed at
a sufficiently highly velocity [8-10] showed encourag-
ing agreement with predictions. The present purpose
is to summarize here the results obtained for Al-Mn
alloys by using the Bridgman unidirectional solidifi-
cation (UDS), tungsten inert gas (TIG) weld traversing
and laser surface melt (LSM) traversing techniques in
terms of the formation of a-Al solid solution, coupled
eutectic growth and cell spacing.

The experimental procedure has been reported pre-
viously [8, 9].

2. Results and discussion

Fig. 1 shows zones of dominant growth structure as
a function of solidification front velocity, V;, and alloy
concentration, C,, for aluminium-rich Al-Mn alloys.
The growth velocities in the range 0.1-2 mms~! are
for the Bridgman UDS technique [8]. The results for
25-24 mms~! are for TIG weld while those for
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21-290 mms~! are from LSM traversing [10].
Fig. 2a—e shows representative solidification micro-
structures for alloys and conditions studied.

2.1. Formation of a-Al solid solution
Table I shows a summary of measurements and pre-
dictions for growth of unextended (1.3 wt % Mn) and
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Figure 1 Solidification microstructure as a function of solidification
front velocity, V;, and alloy concentration, C,, for aluminium-rich
Al-Mn alloys, for Bridgman UDS, TIG weld and LSM traversing.
(M) Presence of primary AlgMn needles, (A) full eutectic micro-
structure, (@) primary dendrite cellular «-Al solid solution,
(O) microsegregation-free a-Al solid solution.

extended a-Al solid solutions for the UDS and TIG
weld experiments (the values employed for the mater-
ial constraints are given in the Appendix).

Predictions are for the model of Kurz et al. [5]
for the problem of constrained cellular or dendritic
growth at high growth velocity. Their model is an
extension of that of Kurz and Fisher [2] but using
Ivantsov’s solution for the transport problem [11]. In
this case, tip concentration C¥( = kC{) in the melt
and tip temperature, 7*, are given by

Ct = GCo/[1 — pl(P)] (1)
and
T* = T¢ + mCf — 2I'/R 2

The unknowns P and R are given by solution of
VZA+V.B+C = 0 3)

Equation 3 was solved numerically with the simplifi-
cation that G =0 at high V; to give P(= RV,/2D)

for values of C, and V; used in the experiments, so
allowing predictions of C¥ and T* for comparison
with the experimental values.

Fig. 3 shows a-Al dendrite tip undercooling, T*, as
a function of ¥, for Al-1.3 and 2.11 wt % Mn alloys for
the UDS results. Predictions are in good agreement
with the measurements, as are the corresponding ones
for the tip concentration C¥ (for the UDS and TIG
weld results), as is shown in Fig. 4. The somewhat
higher measured value of tip concentration for the
UDS experiments could reflect a contribution from
back-diffusion of the solute in the solidified solid [12]
which is not taken into account by the model. Mangan-
ese content, C¥, as a function of growth rate for TIG
weld experiments shows a small increase in mangan-
ese content in solid solution with increasing growth
rate (as V, approaches the value of ¥, the agreement
with prediction is excellent).

The amount of manganese (wt %) retained in solid
solution for the LSM traversing experiments is shown
in Tabile II for both cellular and microsegregation-free
structures. The data show that this retention was
uniform and, within experimental limits, at the com-
position of the parent melt.

The electron microscope microanalysis of man-
ganese content as a function of ¥V confirm that the
extended solid solutions of manganese in a-Al, con-
taining up to 4.84 wt % Mn, were produced by the
TIG weld and LSM traversing experiment conditions.

Interpretation of the observed dependences of the
dendrite tip undercooling, T* (UDS results), and of
the manganese content, C¥ (UDS and TIG weld re-
sults), as a function of Vs and C, shown in Figs 3 and 4,
respectively, involves recourse to the theory of dend-
rite growth. These dependences are in good agreement
with predictions.

As is shown in Fig. 1, results from the Bridgman
UDS, TIG weld and LSM traversing all showed that
the cellular a-Al solid solution could be obtained in
Al-Mn alloys with manganese contents beyond that
(Cgy = 20wt % Mn [13]) in the eutectic composi-
tion. Even this was eliminated at solidification front
velocities (achieved in the LSM traversing experi-
ments) above 36, 58, 80, 106 and 176 mms™! for
Al-0.5, 1, 2, 3 and 4.6 wt % Mn, respectively, produ-
cing a cell-free microstructure. Earlier, Schaefer et al.
[14] carried out electron-beam melt traversing experi-
ments on Al-0.1, 0.25 and 1.0 wt % Mn alloys, using
scan speeds in the range 10~ ?-1 ms~! and reported
a cell-free structure for the first two alloys. However,
the transition velocity from a cellular to a cell-free
structure was not specified. Microsegregation-free
microstructures have also been reported [14] for
Ag—Cu alloys at solidification front velocities of
150mms™* (Ag-1.0wt%Cu) and 600 mms™!
(Ag—5 wt % Cu). Such velocities, for both Ag—Cu and
Al-Mn, are well below those of about 5ms™! norm-
ally associated in dilute alloys with solute trapping
[1]. However, microsegregation-free microstructures
become possible at lower velocity than this because of
the incidence of absolute interfacial stability, which is
predicted [15] for an initial alloying element concen-
tration, C,, if the growth rate, V,,, exceeds a critical
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Figure 2 Representative solidification microstructures for alloys and conditions studied. (a) Extended a-Al solid solution in Al-2.11 wt % Mn
at0.514 mms™!, x 105. (b) Full eutectic microstructure in Al-3.18 wt % Mn at 0.714 mms !, x 100. (c) Primary Al4Mn in a-Al solid solution
in Al-4.2 wt % Mn 2 0.101 mms ™, x 100. (d) Longitudinal section of a LSM traversing Al-2.0 wt % Mn alloy scanned at 250 mms~* (left).
Transmission electron micrograph of the cellular microstructure observed in this alloy at that scan velocity. (¢) Longitudinal section of a LSM
traversing Al-3.0 wt % Mn alloy scanned at 400 mms~" (left). Transmission electron micrograph of the microsegregation-free structure

observed in this alloy at that scan velocity.

value given by
Ve = mD(1 — k)C,/k*T “)

The conditions for absolute stability appear to have
been met in the LSM traversing experiments. Table IIT
summarizes the values of V,, predicted (for k = 0.5
and 0.7) according to Equation 4 for comparison with
values of V,,, found to be required for segregation-

free solidification of the Al-0.5, 1.0, 2.0, 3.0 and
4.6 wt % Mn alloys. This table shows that the ob-
served velocities for segregation-free solidification are
factors of 6, 5 and 4 (for k = 0.7), higher than predicted
for the absolute stability criterion for A1-0.5, 1.0 and
2-4.6 wt % Mn, respectively. This can be considered
to represent reasonable agreement in view of possible
uncertainties in applicable values of k, m and D. For
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instance, a reduction in k from 0.7 to 0.5 will virtually
eliminate these discrepancies between observed and
predicted V.

0.6
I

AT (K)

A | |

0 0S 1.0
v imms™h

Figure 3 Growth undercooling as a function of ¥ for unextended

(@, 1.3 wt % Mn) and extended (H, 2.11 wt % Mn) a-Al solid solu-

tions. Points represent measurements while lines are predictions,

see text.

TABLE II Measurements of cell tip concentration, C¥, for micro-
segregation-free and elongated cellular structures for the laser-
surface-melted specimens

Alloy Mn retained in cellular Mn retained in the
composition solid solution at microsegregation-free
(wt %) growth rates in the microstructure at a

range 30-40 mms~? growth rate of

(wt %) 112 mms~ ! (wt %)
Al-0.5Mn 0.490 1 0.005 0.50 £+ 0.009
Al-1.0Mn 1.052 + 0.001 1.00 + 0.011
Al-2.0Mn 1.984 4+ 0.004 1.99 + 0.017
Al-3.0Mn 2953 £ 0.011 3.00 £ 0.010
Al-4.6Mn 4.572 + 0.007 4.60 + 0.030

2.2. Coupled eutectic growth
Growth temperature, Ty, for the eutectic is predicted
[16] and found experimentally [17] to conform with

Ty — T = A,Vsl/2 ()

The corresponding relation for dendrite growth is
more complex but can be represented to a good ap-
proximation by [18]

T, — Te = GD/V, + BVD (6)

The limiting condition for single-phase (e.g. a-Al solid
solution) growth at the same temperature as a eutectic
is obtained by solving Equations 5 and 6 simultan-
eously to give the limiting growth velocity as the
solution of

T, — Tey = GD/V. + BV) — AVI* (1)

The constant A’ for eutectic growth is predicted to be
equal to K(ab)'/? where a and b are materials con-
stants and K is theoretically equal to 2. Table IV
reports an analysis of measurements for the Al-AlgMn
eutectic containing 3.18 wt % Mn, giving A’ as
0.0602 K s*2um~12, The correspondng predicted

values (see Table V) of a=0269umK and
5 I T -
YR X )
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e
3
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Vs (mms™)
Figure 4 (@, W, 0, ¢) Measurements and (——} predictions of the
manganese concentration, C¥, determined by electron microana-
lysis as a function of growth velocity, ¥, and alloy concentration, C,,
for the cellular a-Al solid solutions obtained by Bridgman UDS and
TIG weld traversing. (@) Al-1.30 wt % Mn, () Al-2.11 wt % Mn,
@) Al-3.18 wt % Mn, (@) Al-4.80 wt % Mn.

TABLE III Predicted velocity, V., for absolute stability in the solidification of Al-Mn alloys compared with observed velocity, Vous,

required for segregation-free solidification

Alloy Vo, (for k =0.7) Vap,(for k = 0.5) Vobs Voos/ Vab: Voiss/ Vabs
composition (mms~!) (mms™?!) (mms™*")

(wt%)

Al-0.5Mn 53 16.6 36 6.8 2.1
Al-1.0Mn 10.2 333 58 5.7 1.7
Al-2.0Mn 204 66.6 80 39 1.2
Al-3.0Mn 30.6 100.0 100 3.2 1.0
Al-4.6Mn 46.9 153.3 176 37 1.1
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TABLE 1V Analysis of measurements for the Al-AlsMn eutectic containing 3.18 wt % Mn

Growth Arrest (growth) Growth Interphase AT V2 A2 AT AT/VA
velocity, temperature, undercooling, spacing, (Ks“2um™13) (um*?s™Y%) (K pm) (Kspm~2)
V (mms™?!) Ts (°C) AT (K) A (um)

0.102 657.8 £ 0.10 0.60 1.75 £ 0.09 0.0595 17.7 1.05 0.00336
0.514 657.1 + 0.10 1.35 0.94 + 0.08 0.0595 213 1.26 0.00279
0.715 656.8 + 0.09 1.61 0.65 + 0.07 0.0602 173 1.04 0.00347
1.010 656.5 + 0.10 1.96 0.49 + 0.07 0.0617 155 0.96 0.00399

TABLE V Limiting velocities V,, V; for growth of primary a-Al and primary AlsMn as a function of alloy concentration, C,, with derived

parameters B for dendritic growth of «-Al and AlgMn

c, v, v a b A=578ab)'? B, B,
(wt % Mn) (mms™*) (mms™1) (umK) (10"*Kspm~2) (K s1/2 um~172) (K s¥2 um!/?) (Ks!'Zum'/?)
2.11 0.10 - 0.300 2.39 0.0490 0.0408 -
2.68 0.65 025 0.293 2.57 0.0591 0.0391 1.410
3.18 1.01 0.51 0.269 4.03 0.0602 0.0293 1.509
426 2.00 1.15 0.255 5.55 0.0688 0.0310 1.677
4.84 5.90 1.80 0.254 5.65 0.0690 0.0423 1.606
5.08 7.00 2.00 0.235 6.41 0.0737 0.0461 1.595
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Figure 5 Solidification microstructure as a function of growth velo-
city, ¥, and alloy concentration, C,, for aluminium-rich Al-Mn
alloys. (O, A, O)[25]. (O, B) Primary AlgMn, (A, A) full eutectic
microstructure, (O, @) a-Al solid solution.

b = 0.000403 Kspm ™2 for this composition then
give K = 5.78 compared with the “theoretical” value
of 2. The values By, and By (Table V) of B’ as a func-
tion of alloy concentration C, for the extended o-Al
solid solution and primary AlsMn consistent with the
positions of the a-Al/eutectic (EU) and AlsMn/EU
boundaries shown in Fig. 5 were obtained from
Equation 6 by substituting A’ = 5.78(ab)'’?,
T, (°C) = 660-0.75C, (wt %), T (°C) = 658.5 + 28.87
(Co—2)°'® and Tgu=6585°C. The value of
B. (0.043 4+ 0.003 K s¥? um™~'/2) is two to three times
larger than given by the direct measurements of
T. — T as a function of ¥ reported previously [8] for
the alloys containing 1.3 and 2.11 wt % Mn. The value
of Bp(1.56 + 0.11 K s*/2 um~!/2) is significantly larger
than B, consistent with the larger undercooling ex-
pected to be required to sustain growth of a facetted
phase of relatively complex crystal structure. These

655

| | |
65 2 3 L 5
Co (Wt %Mn)

Figure 6 Aluminium-rich Al-Mn phase diagram (from [13]), show-
ing the predicted coupled zone for a-Al-AlgMn eutectic growth.

values of B, and Bj can be employed to derive the
growth temperature versus concentration limits for
coupled eutectic growth by substituting V, from Equa-
tion 7 into Equation 5 or 6 with n = 1/2. The resulting
coupled zone is superimposed on the phase diagram in
Fig. 6 and on a plot of V, versus C, in Fig. 7.
Competitive growth considerations predict that the
resulting structure under the given growth conditions
is that growing at the highest solidification front velo-
city for an imposed growth temperature, or at the
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highest growth temperature for an imposed solidifi-
cation front velocity. This situation is shown schem-
atically in Fig. 8, in which the curves of growth
temperature against solidification front velocity for the
a-Al solid solution, a-Al-AlgMn eutectic and AlgMn
are shown for G = 10K mm™! together with the ex-
perimental points from [8] for an Al-3.18 wt % Mn
alloy. These curves are consistent with observations
that Al¢Mn will grow at solidification front velocities,
V, <500 pms™!, a-Al-AlgMn eutectic in the range
500 < V, < 1100 pms~ !, and the o-Al solid solution
at V, > 1100 ums ™1,

2.3. Cell spacing

Fig. 9 shows a-Al cell spacing as a function of solidifi-
cation front velocity and initial manganese concen-
tration, and it shows that the spacing decreases with
increasing growth rate and initial manganese concen-
tration. An apparently stronger dependence of A, on
V, is shown in the figure, than those predicted by the
Hunt [19] and the Kurz and Fisher [2] models. For
the UDS results, A, at fixed V; is observed to decrease
with increasing manganese concentration while the
predicted values do the reverse (see [8]). The predicted
dependence stems from an assumed increase in «-Al
melting range, AT,, with increasing C, in the range
1.3-4.84 wt % Mn. If, however, AT, decreases with
increasing C, in this range because of a minimum in
the a-Al solidus-liquidus curves at some higher value

10000

1000

0.1 l 1

]

3 4 5
Co (wt%Mn)
Figure 7 Predicted coupled zone compared with actual solidifi-
cation microstructure as a function of growth velocity, ¥, and alloy
composition, C,, for aluminium-rich Al-Mn alloys. (l) Primary
AlgMn, (A) full eutectic, (@) a-Al solid solution.

5010

of C,, A, is then predicted to decrease with increasing
C,, as observed.

In order to determine whether or not the observed
dependences of A; on V, and C, at high V; are better
represented by some simple function of the predicted
cell tip radius, R, as determined, for example, by the
marginal stability considerations applied to the cell tip
advancing at high ¥, Kurz et al. [5] have shown that
a good approximation for R under such conditions of
high Péclet number is

R = 2n(DT/VAT,)"* )

This equation thus predicts that R will decrease para-
bolically with increase of both V, and AT, (or C,). In
contrast, the equations of Hunt [19] and Kurz and
Fisher [2] for A, give, respectively

2.83 (KAT,DT/V,)V4 G~ 12 )

7\,1 =

650 L i1 b

structure101 102 Vs {mms)103 104
predicted Al Mn + EU EU a-Al ]
observed - = ) O R ”

Figure 8 Growth temperature as a function of growth velocity, V,
in Al-3.18 wt % Mn (G = 10 Kmm ™) for (@) a-Al solid solution
(Eu), eutectic and (Al;Mn) primary Al;Mn. () Presence of primary
AlgMn + eutectic, (A) fully eutectic microstructure, (@) primary
a-Al solid solution.

100

] —TIG ~#-x _
¢ o%
— o
01 1 L 1
01 1 10 100 1000
Vs (mms™1)

Figure 9 (+, ®, B, ¢, 8) Measurements and (— [2], ——~- [19])
predictions of the cell spacing, X;, as a function of the growth
velocity, V;, and the initial manganese concentration alloy, C,,
for the cellular a-Al solid solutions obtained by Bridgman UDS,
TIG weld and LSM traversing. ( + ) Al-0.5wt % Mn, (@) Al-1
(LSM)-1.30 (UDS and TIG) wt % Mn, () Al-2 (LSM)-2.11 (UDS
and TIG) wt%Mn, (@) Al-2.7 (UDS)wt% Mn, (4) Al-3
(LSM)-3.18 (UDS and TIG) wt % Mn, (¢) Al-4.8 (TIG) wt % Mn,
(@) Al-4.6 (LSM) wt % Mn.
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Figure 10 RVY2 2RV'2, 3RV'2 and LV plotted gainst C, together with Af'#*/2 and AfF V'V according to Equations 9 and 10,
respectively. Experimental points are mean vanes, with ranges of scatter shown for the range of ¥ studied for each alloy concentration, C,.

(@) UDS, (W) TIG, (¢) LSM.

and

A = 430(AT,DI/kV)4G /2 (10)

showing a dependence on temperature gradient, G,
that is absent from Equation &, a weaker dependence
on ¥, and a predicted increase in A, with increasing
AT, or C,.

Fig. 10 shows a plot of R¥*/2, 2RV*/? and 3RV/?
against alloy concentration, C,, together with the pre-
dictions of Equations 9 and 10 for A, V*/2, The experi-
mental data for &, show excellent agreement with the
dependence on C, predicted by Equation 8 whereas
Equations 9 and 10 predict an increase in A; V'*/? with
increasing C,, which is not observed in this case.
While there is the possibility that a minimum in the
extended o-Al solidus-liquidus curves at some higher
value of C,, as proposed in [10], could reverse the
concentration dependence predicted by Equations
9 and 10 in this concentration range, it still remains to
be established whether or not this could be sufficient
to match theory with experiment.

3. Conclusions

1. Measurements of growth temperature and of tip
concentration on the front velocity, V;, and initial
manganes¢ concentration, C,, for a terminal solid
solution extended by rapid solidification were found
to be in good agreement with the predictions of the
dendrite growth theory.

2. Segregation-free solidification was obtained at
solidification front velocities which increased with in-
creasing manganese concentration. Predicted values
of the velocity required for absolute stability of growth
of the extended a-Al solid solution are (for k = 0.7)
four to six times lower than determined experi-
mentally for segregation-free solidification; this may
be considered to represent reasonable agreement in

view of the uncertainty of the diffusion and phase
diagram data.

3. Measurements of growth undercooling as a
function of growth velocity ( > 0.1 mms™*) for the
a-Al-AlgMn eutectic together with measurements of
the limiting velocities for growth of primary «-Al and
primary AlgMn as a function of alloy concentration,
have been used to derive values for dendritic growth
parameters of a-Al and AlgMn, and the corresponding
growth temperature versus concentration coupled-
zone boundaries for the a-Al-AlgMn system.

4. Cell spacing decreased with increasing growth
rate, in agreement with predictions. Observed values
decrease with increase in manganese level which
would require a minimum in the a-Al solidus-liquidus
curves at some higher value of C, to be consistent with
predictions.

Appendix. Values employed for the
material constraints

D=24x10""m?s™' (mean of 2.1x10"° from

Takahashi et al. [20] and 2.7x107° m?s~! from

Sugiyama et al. [21]). ’

G = 10 K/mm for the UDS experiments [22].

k=07 [13].

m = 0.75 K/wt % [13].

I' = 1.08 x 10”7 Km (o from [23] and AS; from [24]).
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