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external temperature feedback. The fractal dimension is introduced as a structural measure, and its dynamics
is established via an analytical formulation through a lumped model, along with a full thermostructural
computational model of the ball milling particulate microstructure. These models are used as real-time
observers of inaccessible internal states during the process. In addition, they are used as model references
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in an adaptive control system, regulating the fractal structure with adaptation via external temperature
measurements, available experimentally via an infrared thermocouple. The controller is designed on the
basis of the dynamic models and is tested experimentally. The controller is demonstrated to command the
duration of the process at steady conditions to obtain the necessary thermal exposure yielding the desired
microstructure for the ball-milled particulates.
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1. Introduction

Reactive multilayers, such as Ni-Al nanostructured foils deposited
by physical vapor deposition (PVD) [1], are of contemporary interest
in research and practice for rapid thermal processing and soldering
in microelectronics, self-heated welding and self-curing materials in
construction, local hyperthermia and cauterization in biomedicine,
and other applications [2]. Upon their ignition, self-propagating
exothermic reaction (SPER) and high-temperature synthesis of inter-
metallic compounds result in high enthalpic release and adiabatic
temperatures. The thermal performance of such materials has been
studied experimentally and numerically [3], and was found to
depend critically on the reactive material nanostructure, such as the
bilayer thickness (Fig. 1a). Clearly, finer nanolayers yield a higher
specific interfacial surface in the material, therefore promoting inter-
layer heat conduction and metal diffusion across the foil. These,
in turn, lower the required ignition temperature and enhance the
propagation velocity of the reaction front along the multilayers [3].

An attractive alternative fabrication route to magnetron sputter-
ing is offered by ball milling (BM) of metallic powders [4] into reac-
tive globular agglomerates with internal lamellar networks (Fig. 1b).
Unlike the deterministically nanostructured PVD multilayers, the
stochastic nature of BM collisions results into particulates with ran-
dom, self-similar structures across multiple dimensional scales [5].
Rather than a single bilayer spacing, such fractal architectures are
described by their fractal dimension [6,7] (or Hausdorff dimension),
ranging from a value of 2 for planar simple interfaces (Fig. 1a),
towards 3 for space-filing complex boundaries (Fig. 1b). Upon heat-
ing the BM particulates, finer-scaled regions ignite first at lower
temperatures, thus reacting and releasing heat. This raises the tem-
perature of adjacent coarser areas to ignition, which in turn propa-
gates the SPER in a cascading fashion. Conversely, large monometal-
lic domains tend to diffuse the heat from their interface towards the
bulk, thus lowering the temperature and quenching further heat and
mass transport, often arresting the SPER front. Thus, it is important
to control the particulates microstructure, as produced by BM, to
guarantee their desired reactivity.

The relationship of the particulate structure on BM process con-
ditions has been studied experimentally, see Ref. [8] and references
therein, and recently also through a real-time, predictive compu-
tational model [9]. This direct process-structure connection offers
prediction insights to ball milling (Fig. 1c) and enables off-line mate-
rial design and optimization. The inverse relation of microstructure
control via real-time modulation of the process conditions is also of
particular practical importance. However, closed-loop control based
on feedback measurements of salient in-process variables is impeded
by real-time inaccessibility of ball milling, which occurs within her-
metically closed rotating vials, usually in planetary motion. In addi-
tion, the violent mechanical impact conditions existing inside the BM
vials are destructive for potential sensor probes or other intrusive
measurement systems. Therefore, BM control efforts in the litera-
ture have been limited at the industrial system level, using empirical
models (mostly for grinding) and resorting to interrupted process
sampling for off-line quality monitoring and statistical process con-
trol [10,11].

In contrast to such approaches, and complementary to them,
this paper addresses the core issue of in-process control of the

fabricated particulate microstructure through BM. Since the prod-
uct structure cannot be imaged non-invasively during uninterrupted
BM, the predictions of the dynamic structural model [9] used as a
real-time observer of the fractal dimension are employed as output
for feedback. To enforce convergence between process and model,
temperature estimates produced by the model are compared in real
time with external non-contact temperature measurements on the
BM vials, and the error is used to drive an adaptive control scheme.

The rest of the paper is organized as follows. Section 2 estab-
lishes a thermal description for temperature regulation of the BM
device. Section 3 quantifies the influence of thermal exposure to the
particulate structure via the introduction of the fractal dimension. A
controller for the fractal dimension is designed and validated compu-
tationally via the full thermostructural model. Section 4 introduces
an adaptation scheme based on the output of real-time model exe-
cution, employed as an observer, and model reference. The proposed
control scheme is tested experimentally on a laboratory BM setting
with infrared thermometry. Conclusions and further issues arising
from this research are summarized in Section 5.

2. Thermal description and regulation
2.1. Linearized model of BM heat transfer

A schematic planetary ball milling setup is shown in Fig. 2, along
with a cut-off section of a single vial with relevant nomenclature.
The electrical power P is converted to mechanical power Py, into the
rotating vials. The mechanical power is, in turn, stored as kinetic
energy Ey in the moving components and residual elastic energy E,
in the deforming vial contents, while the balance is converted into
thermal power H, see Ref. [12]:

P=VI, P, = Mo,
WP =Py=FE+E+H (1)

where Vand I are electrical voltage and current to the device motors;
M and o the torques and angular velocities at the containers; and
1) is the useful thermal efficiency of the device, accounting for elec-
trical motor, aerodynamic and friction losses in its transmission,
to be later calibrated experimentally. The electrical and mechani-
cal transients of the BM process, with typical characteristic times
of the order of seconds during acceleration and deceleration of the
device, are ignored in the thermal modeling, which exhibits tem-
perature transients of several minutes, as schematically represented
in Fig. 3. Inner-loop control of the rotation servosystems quickly
achieves electromechanical steady state (i.e. E, = 0, E; = 0), so that
it can be safely assumed that H = 7P during the dominant thermal
dynamics of BM. As detailed later, it is further assumed that all heat
His generated via inelastic effects, i.e. plastic yield and friction slip in
the BM materials, while enthalpy released via interface diffusion and
premature reaction in the particulates during BM is ignored.

The dynamics of heat transfer is formulated for a single ideal
cylindrical vial with flat lid, made of homogeneous and isotropic



774 M. Aureli et al. / Materials and Design 160 (2018) 772-782

Fig. 1. Reactive Ni-Al multilayer micrographs (bright phase: Ni; dark phase: Al). (a): PVD sputtered nanolayer foil, (b): Ball-milled particulate. (¢): Simulated BM structure.

conductive material (e.g. stainless steel), and dimensioned as in
Fig. 2. The thermal characteristics of the container are [13]:

P To—Ti R, — To—Ti R — d

T In(/m) T Rag+d) T kg
1 2\

R= (— + —) . C = psscss[mr2(l + 2d) — nr?l] (2)
Rv RI

where k is the thermal conductivity, pss is the density and css is the
specific heat capacity of the container material; r, is the effective
cylindrical radius, R, and R; are the conduction resistances of the vial
cylindrical wall and lid or bottom, respectively. In Eq. (2), R is the
composite conductive resistance, as the vial surfaces transfer heat in
parallel, and C is the thermal capacity of the container. Conductive
heat losses of the vial bottom to external support elements on the
BM turntable and lid fixtures are neglected.

Inside the BM vial, the particulate materials, milling balls, and
vial surfaces are assumed in macroscopic thermal equilibrium at an
average temperature T;, because of their efficient mixing and heat
transfer, via conduction at the collision surfaces and radiation in
the fully enclosed cavity [ 14]. Conduction across minor temperature
differences inside the vial is neglected by the model. By neglecting
formation of intermetallics due to inadvertent reaction during the
fabrication, the thermal capacity of the vial contents ’ is determined
via the law of mixtures [13]:

, 4
=Ny (PSS§HT§) Css + MNiCN; + MACal (3)

where N is the number and r, the radius of milling balls, and m;,
¢; the masses and specific heat capacities of the BM metal powder
loads, where subscript i takes on the value Ni and Al for nickel and
aluminum, respectively.

Outside the BM vial, heat loss is assumed to be due to forced
convection from the rotating containers to the ambient gas at

Fig. 2. Schematic arrangement of planetary ball mill (left) and BM vial for thermal
analysis (right).

room temperature Ty, and to radiation from an average surface
temperature T, of the container walls, assumed uniform because of
their efficient conduction. Due to the relatively low external temper-
ature T,(~ 100°C), the composite surface heat loss can be linearized
to an equivalent convection term. Specifically, by denoting with
A, = 2mr,(l + 2d) and A; = mr? the surface areas for the vial and lid
or bottom surfaces, and withA = A, + 2A, the total external surface
area, the effective convection coefficient h can be determined from
[13]

[hyAy + 2A)(T, — Ta) + €A (T;1 - T;*) = hA(T, — Ta) (4)

sothath = [hyAy + 2hA|)/A + (T, + Ta) (T + T2), where hy, h; are
the convection coefficients for the vial and lid or bottom surfaces, ¢
the surface emissivity and < the Stefan-Boltzmann radiation constant.
With this definition, R = 1/(hA) is the composite convective resis-
tance of the container, transferring heat in series to its conductive
walls. The convection coefficients hy, h; for the complex gas flow field
around the containers in planetary motion need to be determined
numerically. Also, the temperature dependence of the effective con-
vection coefficient h further complicate its evaluation. To obviate this
difficulty, an effective value of h will be calibrated experimentally in
the following.

2.2. BM thermal dynamics

According to the previous analysis, the energy balance equations
can be derived from Eqs. (1)-(4) and written as follows, see Ref. [13]:

dl;, T, —T,
H — C’—l 1 0
a TR
Ti-T, .d(Ti-T, To—Ta
T ( 2 R (3)
T Mechanical Loss
Power tr issi d i
(transmission, aecrodynamic) P=vT
Mechanical
Stored
(kinetic,
elastic)

Heat Loss

Time

Fig. 3. Power response over time and energy transfer during BM run duration.
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By solving the system of two ordinary differential equations (ODE’s)
using Laplace transforms (using s to denote the complex variable and
a superimposed tilde to denote transformed quantities), the follow-
ing transfer functions are obtained for the temperatures T; and T,
with respect to thermal power H, see Ref. [15] :

) _ ) E(B+R)C+R+R)

As) 77 R2(R2+R)CCs2+[(R2+R)C+ (R+R)C]s + 1
ToS) _ 6, 5)= . .
H(s) R2(R2+R)CCs2+[(R2+R)C+(R+R)C]s+ 1

(6)

To illustrate the thermal dynamics described by Eq. (6), Fig. 4
shows of an analogous equivalent electric circuit. The linearized ther-
mal system exhibits second order behavior because of its two energy
storage elements, i.e. the container and its contents (C, C'), with a
zero for T;. For light charge of the vial (i.e. ¢ « C), Eq. (6) simplify
to transfer functions of a first order system with dominant container
dynamics. The simplified system has time constant 7 = (R/2 + R')C
and steady-state gains R + R’ for T; and R’ for T,:

Ti(s) 8 (§ + R’) Cs+ (R+R)
Hs) (8 +R)cs+1
To(s) R

As) (5+r)cs+1

(7)

Fig. 5 illustrates the time responses of temperatures T; and T, as
solid and dashed lines, respectively, during unloaded (no powders)
BM for four representative cases. Specifically, these cases report 100
or 50 milling balls of diameter 12.7 mm in vials of internal diameter
100 mm or 75 mm, respectively, operated at rotation speeds 280 rpm
or 200 rpm, for which calorimetric data are available for T; [16,17].
Calorimetric data are reported in Fig. 5 as black markers. The param-
eters of the thermal description in Eq. (6) have been evaluated as
R = 0.014-0.020K/W, R" = 0.313-0.449K/W, C = 1875-1305]J/K
and " = 435-218]/K, respectively. Good agreement is observed
between the simulated responses of T; and the experimental data.
The responses of T, are somewhat attenuated, due to the gain ratio
g = (R+ R")/R, and slower, due to the lack of a zero in Egs. (6) and
(7).

The previous model of thermal dynamics can be employed to
study the dependencies of heat transfer parameters on BM condi-
tions. For example, the effective convection coefficient h depends
on the internal vial temperature T; through the external vial tem-
perature T,. By combining the transfer functions of Eqs. (6) or (7),

[ T ®7
’ 2
A< R
T
2
CED —2 ?—.TO
RI
® | o7,

Fig. 4. Analogous circuit illustrating equivalent BM thermal dynamics.
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@ : 100 mm vial, 100 balls, 280 rpm
| m 2 75 mm vial, 50 balls, 280 rpm
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A : 75 mm vial, 50 balls, 200 rpm
c T, _ i Te(simulated)
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Fig. 5. Transient responses during unloaded BM of experimental measurements
(markers) and simulations of internal temperature T; (solid lines) and external tem-
perature T, (dashed lines).

To(s) R
Tis)  §(5+R)Cs+(R+R)
g (g + R’) CTo + (R+R)T, =R'Ti. (8a)

Eq. (4), combined with the dynamics of the external temperature T,
from Eq. (8a), defines the nonlinear dependence of coefficient h on
the internal temperature T;. At thermal steady state (i.e.,s = 0), h
can be derived from T; in closed form using Eq. (4) as

L_ R 1 1
T; R+R hAR+1 g

h— gﬁ;zl _ [hAy zzmA,] b es(T/g+ TT /2R + T2 (8B)

where the temperature gain ratio g = (R + R’)/R’ can be determined
experimentally as described below.

Table 1 shows the dependence of the steady-state effective con-
vection coefficient h, as derived experimentally (i.e., calculated via
h = H/A(T, — Ta), as per Eq. (4)) and determined via Eq. (8b), on
the internal vial temperature T;. The nonlinear variation h(T;) is sig-
nificant within the temperature range T; = 80-150°C of interest
to BM of bimetallic powders, in which the model parameter error
stays within +8%. The model tends to overestimate the coefficient h
at higher temperatures, perhaps because of unaccounted changes in
radiation surface emissivity e. Such temperatures, however, are not
applicable to BM of reactive bimetallic systems of interest such as Ni-
Al, as they approach the threshold of potentially catastrophic ignition
in the vial during the fabrication process.

2.3. BM thermal control

To maintain temperature-dependent properties (such as yield
stress ay) of the vial contents at desired values, closed-loop control
of T; may be desirable. However, since T; is inaccessible to real-time
measurements, in this work, the external temperature T, is used
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Table 1
Experimental and model-calculated variation of effective convection coefficient h on
internal vial temperature T; with only balls in the vial.

Temperature h (W/m?K) h (W/m?K) Error (%)
T; (°C) Experimental value Model estimate

813 25.19 27.16 +7.81
108.1 36.14 33.25 -7.99
150.2 39.84 42.51 +6.70
2120 57.15 64.34 +12.58

instead for in-process feedback. Specifically, the external tempera-
ture can be measured by infrared pyrometry, and T; can be recovered
through the constant steady-state gainratiog = T;/To.

Based on this strategy, Fig. 6 shows a simulated temperature
control scheme to regulate T; (governed by the transfer function
G;(s) in Eq. (6)) to a steady reference T; = 200°C, via feedback of
T, (governed by the transfer function G,(s) in Eq. (G)) for the case
of 75 mm diameter vial with 50 balls described above [16]. A lin-
ear proportional-integral (PI) discrete-time controller with sampling
period t; = 1min is designed for the thermal power H as [15]:

CHz) (r+t)z-T
Ccl) =gy =77

6.07715+0.4693
1321.852+701,3838s+1

Gi(s) Transfer Fen of Ti

0448
1321 852+701.3838s+1

Go(s) Transfer Fon of To

Power
Saturation

ZOH

Kp=20, Ki=.1
Anti-Windup

( a) Temp To
20

Power P=H Room Temp

Gain TUTo

1000 T
(b) — P unsaturated
P saturated
800 | 1
600 [ 4

400 - k i

200 |

Power P=H (W)

0 L | L L L d
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—

o

!
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Temperature 7., T_(C)
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Fig. 6. Thermal regulation of the internal temperature T; through feedback of external
temperature Ty. (a): Implementation. (b): Simulated unsaturated and saturated power
P = H.(c): Temperature responses of unsaturated and saturated T; and T,.

Here and in the following, discrete-time variables are indicated with
superscript *, and Z-transformed quantities, in the variable z, have a
superimposed tilde. In Eq. (9a), the error E = T, - T; = Ty — gTo,
whereg = 1.045 and Ky = 3.83 is a control gain. This control law is
modified to incorporate anti-windup for saturation of power P = H
(thermal efficiency assumed 1] = 1) at Pmax, according to [15]

H*(j) = P*(j) = min[Pmax, H*(j — 1) + Kr{(7 + t:)E°(J) — 7E°(j — 1)}]
(9b)

where j is the sample index. The implementation is shown in Fig. 6a.
As an example, Fig. 6b shows the simulated time responses of
power H = P for unsaturated (black line, Pphax = 1000 W) and sat-
urated (gray line, Ppax = 500 W) closed-loop control, while Fig. 6¢
shows the respective responses of temperatures T; (solid lines) and
T, (dashed lines). It appears that the proposed feedback control
scheme is effective in regulating the temperature T; to Ty within a
short time (approximately 10 min) for the unsaturated case. On the
other hand, power saturation of the BM device prolongs this time to
approximately 20 min and causes oscillatory behavior.

3. Structural formulation and control
3.1. BM structural description: lumped model

As illustrated in Fig. 3, after a short electromechanical tran-
sient, thermal power H = nP is dissipated because of (i) plastic
deformation of the milled materials and (ii) friction with the ball
and vial (impactor) walls. To capture these phenomena, the pow-
der materials are modeled as homogeneous, isotropic and non-strain
hardening. They are assumed to yield plastically at equivalent von
Mises stresses 0y (dependent on temperature T;, [18,19]), at elas-
tic strains &y. These strains are small compared to the tortal strains &
eventually developed in BM particulates of volumes v;. In addition,
because of the assumed dry (Coulomb) friction among particulate
powder boundaries and impactor walls, surface shear stresses are
modeled as g, = up, where p is normal pressure and p an equiva-
lent friction coefficient. Such shear stresses initiate interfacial slip at
a displacement level equal to &, which is also assumed to be small
with respect to total shear displacements é of the contact areas s;. For
both heat dissipation phenomena, Fig. 7 illustrates that, after a neg-
ligible elastic/adhesion initial deformation, plastic yield and friction
slip dissipate specific heat (corresponding to area OABD = ABHI),
expressed as [20]:

H= % Zjl{j/fway(e—sy)dv +/f5ipp(6—65)ds] = vED;—; =KD

(10)

1D F Heg

Fig. 7. Constitutive behavior of stress with strain or displacement illustrating bulk
plastic yield and surface friction slip with heat dissipation in BM materials.



M. Aureli et al. / Materials and Design 160 (2018) 772-782 777

where v is the total volume of the vial contents, X an effective critical
stress averaged over the volumes and interfaces of the BM powders
and impactors, and K = Xv a thermostructural BM gain, also depen-
denton T;. In Eq. (10), D can be interpreted as an equivalent average
linear strain or fraction of the particulate microstructure resulting
per revolution.

The parameter D can be used as a descriptor of the structural
deformation of the BM particulates. Specifically, Fig. 8 shows a
representative ellipsoidal particulate domain, deformed plastically
from spheroidal powder. Eventually, such deformation can progress
to planarized lamellar form, under the compressive BM collisions
(depicted at the top). For such ellipsoidal domain, the characteris-
tic thickness L decreases as dD = —dL/L. Similarly, in Fig. 8, when
interfacial friction and heat release results in microwelding and join-
ing of particles (depicted on the right boundary), the assembled total
particulate exhibits a fractional internal structure at a relative depth
of dD = —dL/L. For both plastic yield and frictional slip in Fig. 8, see
[20]:

D:—%:)D:ln(%)éL:Loexp(—D). (11)

The fractional refinement of linear (1D) dimensions in a 2D struc-
tural micrograph (as in the schematics of Fig. 8) can be associated
with the change in fractal dimension f of the 3D BM particulate. In
this case, the fractal dimension f, ranging between 2 and 3 for spatial
interfaces, can be expressed as [6]:

f= B 2 = 3mexp(-D) = f — exp(-DID = (3-)g = (3-N)K.
(12)

Eq. (12) describes the nonlinear dynamics of fractal structure output
fwith respect to BM process input P.

Note that the 3D fractal dimension f of the microstructure can
be evaluated by box counting algorithms on the boundaries of a 2D
section [12,20] as in Fig. 8, see Ref. [6]:

. In(N/n)
f= s}glo In(S/s) +1 (13)

L = A
Eowde/ dr Jl_ [T~
y L= N
7l N ~
/ I \\ 1.
Ny . -
Al TNO,
st 1 Particle dr N
1 e "
S \ L
Ll /
/ /
4
T > -
1 4//’/ ]
=Nt _I_.-.|--~ | Partjculate
Fig. 8. Structural linear refinement dD = —dL/L by plastic deformation (top) and

frictional joining (right). The fractal dimension f can be evaluated via the box counting
algorithm (exemplified at the lower left) of ellipsoidal BM particulates.

where n, N and s, S are the numbers and sizes of quadtree boxes
straddled by the interface pattern.

Fig. 9 illustrates the time responses of the fractal dimension f
as predicted by the lumped model proposed in this Section (lines)
in Eq. (12) for properly calibrated values of H/K, dependent on T;.
Simulation data are compared to experimental values (markers) of
f, estimated from Eq. (13), obtained on experimental micrographs of
BM particulate sections [9,12,14,20]. In general, very good agreement
can be observed between the simulated estimates of the lumped
model and the laboratory data. In Fig. 9, some experimental outliers
for long BM times are attributable to boundary diffusion and pre-
mature reaction during BM fabrication. This yields continuous inter-
metallic phases (nickel aluminides) which smear domain boundaries
and reduce the fractal dimension of the microstructure.

3.2. BM full thermostructural model

In addition to the lumped model of fractal dimension in Eq.
(12), a full predictive thermostructural model of the BM partic-
ulate microstructure [9] is used for structural control. Important
characteristics of the model are summarized below.

The computational model tracks the structure of a representative
particulate in the BM vial on a 2D section consisting of deformed
and joined monometallic domains from the original powders. These
domains are modeled as warped ellipsoids [9,21], see Fig. 1c. In
the model, the representative particulate and its adjoining particles
and clusters are collided randomly by the BM impactors, following
a Brownian-like kinematic probability density function of energies
| 12]. The impacted domains develop Hertzian elastic stress and strain
fields, whose energy is used to determine equivalent plastic yield and
friction slip displacements. As discussed in the previous subsection,
these resultin: (i) dissipation of internal heat H, (ii) domain deforma-
tions, determined by Castigliano’s theorem methods, and (iii) inter-
face microweld joining, via Coulomb friction [20,22]. In addition,
thermal impacts generate transient local temperature increments
over internal temperatures, which are estimated using Green's func-
tion techniques [14].

The evolving 2D microstructure of the particulate is thus dynam-
ically characterized by its fractal dimension f, estimated from Eq.
(13). The fractal dimension f is therefore available as a “proxy” of
the actual BM structure, that cannot be imaged non-invasively dur-
ing fabrication. Therefore, this computationally efficient model can
be used as a real-time thermomechanical observer, running in paral-
lel to the BM process. Specifically, for a prescribed heat input H, the

28

.

c

kel

226

E

=

© 24} H Exp. data [8]

2 : ® Exp. data [16]

\C A Exp. data [17]
4 Exp. data [11]

—&—Model for data in [8]

—0= Model for data in [16]
——Model for data in [11]
—4—Model for data in [17]

0 5 10 15 20
Time t (h)

Fig. 9. Transient responses of experimental measurements of (markers) and simu-
lated (lines) fractal dimension fduring BM. Simulated fractal dimensions are obtained
with the lumped model in Eq. (12).



778 M. Aureli et al. / Materials and Design 160 (2018) 772-782

model provides predictions of temperature and fractal dimension, to
be used for feedback control in lieu of unavailable measurements.

The computational thermostructural BM model can be used to
analyze the variation of lumped parameters during the process. For
example, computational estimation of BM gain K can be performed
via the thermostructural model on the basis of Eq. (10), from an
equivalent strain D averaged over the warped ellipsoid component
strains D; in the vial per revolution

> Dy
1

= EH(TJ), D=

(14)

Experimentally, the BM thermostructural BM gain can be deter-
mined from the variation of fractal dimension Af on the resulting
micrographs over processing time At. From Eq. (12),

At

K(Ty) = Af

(B —=fmPTh), n=1. (15)

Table 2 shows time-averaged values of thermostructural BM gain
K during ball milling at the internal temperature range T; obtained in
processing of Ni-Al powders [9,12,14,20], as measured experimen-
tally via Eq. (15) and estimated computationally via Eq. (14).

The estimation error of the BM gain K remains within +6% in
the range of temperatures of interest to processing of Ni-Al pow-
ders (100- 112°C), reaching a minimum at a nominal temperature
of around T; = 108°C. It should be noted that coefficient K also
varies within +4% during the isothermal process, because of oppos-
ing effects of the warped ellipsoid geometry flattening, versus strain
hardening and volumetric expansion of the powder materials.

During the thermal transient of Figs. 3 and 5, the dynamics of
time-variable model parameters can also be derived in principle
from the analytical equations. However, uncertainty in tempera-
ture dependencies of the convection coefficients hy, h; and surface
emissivity e in Eq. (4) render off-line integration of Eq. (7) impracti-
cal. Instead, real-time identification of the necessary dynamic model
parameters based on their observation by the in-process BM ther-
mostructural computational model below is employed in the context
of the thermal adaptation system in what follows.

3.3. BM structure control

Open-loop control of fractal dimension output fat constant input
power P could, in principle, be effected by determining off-line the
integration time ¢ of Eq. (12) to reach a target setpoint fy, as the BM
duration to be implemented in-process. However, such an approach
would suffer from the uncertainty and time-variation of parameters
1/K, as illustrated in the previous section, along with process dis-
turbances, including periodic interruptions of BM to remove minor
samples of the product for off-line microscopic analysis of the
output f.

Instead, to regulate the fractal dimension f (from the lumped
model of Eq. (12) or from the full thermostructural model in [9])
to a reference value f;, a non-linear discrete-time deadbeat con-
troller with power saturation is proposed. For deadbeat control,

Table 2
Experimental and model variation of averaged thermostructural BM gain K at internal
vial temperatures T; in processing of Ni-Al powders.

Temperature BM Gain K (M]) BM Gain K (M]) Error (%)
Ti (°C) Experimental value Model estimate

100.2 12.17 11.85 -5.59
103.2 11.75 11.09 -5.62
108.1 9.75 9.82 +0.72
112.0 8.32 8.81 +5.89

f = (3 —f)H/K should approach (f; — f)/ts. Thus, by accounting for
non-ideal thermal efficiency 1, from Eq. (15)

- - K E(z)

H(z) =nP(z) = (16a)

with error E = f; — f. Power saturation is implemented by enforcing,
following Ref. [15],

IR K E*(J)

P*(j) = min [Pmax,maxl ot 3 *f*U)'OH . (16h)
This one-step-ahead control law attempts to provide enough input
power P in order to bring the structural output f to its desired set-
point f; in just one sampling period t;. This saturates the input to
its allowed limit Py, during most of BM fabrication, thus resulting
in fastest and most efficient operation of the device under steady
conditions, and shuts off to P = 0 after a short transient when f
reaches fy.

Fig. 10 exemplifies the implementation and behavior of this con-
trol scheme as determined by computer simulation, for two different
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Fig. 10. Feedback control of fractal dimension output f simulated by dynamics
description and structure model. (a): Implementation. (b): Input power P = H
responses at two saturation levels. (c): Fractal dimension f responses.
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power saturation levels, at Pphax = 500 W and 300W. Here, the frac-
tal dimension f in the lumped model of Eq. (12) is regulated to a
reference value f; = 2.8 by the discrete controller in Eq. (16a). In the
simulation, the thermostructural gain is set to K = 69.44Kk] (fitted
to the experimental data of Fig. 9 from Ref. [9], black squares); the
thermal efficiency is setton = 1; the sampling period is s = 5 min.

Fig. 10b shows the dynamic responses of power P = H, main-
taining the constant Ppax value as expected for about 4 and 6.5h
of processing, respectively for the two power levels, and then shut-
ting off after a brief transient. Fig. 10c illustrates that these power
schedules indeed bring the fractal dimension f to the desired value
of f; before termination of the process. Fig. 10 b and ¢ also shows
the power and fractal dimension responses when the lumped model
in Eq. (12) (“Model” block on the right of Fig. 10) is replaced by
the full thermostructural model described in Section 3.2 in the feed-
back system under the same controller (“Controller” block on the
left of Fig. 10). Similar behavior is observed, with the process lasting
approximately 10 min longer, presumably because of a higher value
of temperature-dependent thermostructural gain K [18,19]. This is
because the thermostructural model predicts slightly lower temper-
atures T; than the lumped model, which result into higher plastic
yield stresses of the processed materials, hence less deformation,
thus slowing down the growth of fractal dimension.

4. Experimental control and adaptation
4.1. Laboratory setup and calibration

The lumped model developed in the previous sections along with
the full thermostructural model [9] are calibrated against measure-
ments on a laboratory BM device. This is a low-energy planetary BM
system (Fritsch Pulverisette) in nitrogen gas (Nz) inert atmosphere,
with N, = 5 balls of r, = 5mm radius in a rounded cylindrical
80 ml-volume vial rotating at @ up to 400 rpm and made of stain-
less steel. Monometallic Ni and Al powders (Alfa Aesar) are used
for the experiments, with a mesh size of —325 (40 + 4um), a molar
ratio of 1:3 (corresponding to the AINi3 intermetallic compound),
and total weight of my; + mp, of 32 g. Their material properties are
shown in Table 3. The friction coefficient was previously calibrated
top = 0.39, see Ref. [12].

The BM setting is modified for in-process measurement of exter-
nal temperature T, on the vial cylindrical walls, with a non-rotating
infrared (IR) thermocouple (Omega) fixed inside the device enclo-
sure at a distance of 15 mm from the external perimeter of motion,
see Fig. 2. Because of the planetary vial trajectory, the IR sensor is in
hot-wall proximity and exposed to T, only partially in time, indicat-
ing a lower apparent temperature T). To compensate, the required
sensor gain T, /T, was calibrated by comparative measurements on
empty vials heated uniformly at boiling water temperature (100°C),
when stationary and in motion (» = 300rpm). It was found that
T,/T} is independent of the rotation rate . The internal temperature
T; is measured off-line at the end of the experiments by quenching
the BM contents (balls and particulates) into a bombshell calorime-
ter containing 200 ml of water at room temperature. The steady-state
temperature measurements T; and T, are thus used to calibrate the
unknown effective convection coefficient h in Eq. (4) and the useful
thermal efficiency 1) as:

_ Ti—To

= hA(To — Ta) =

hiiTi—To P_7]",'—To
“RAT,-T,” T PR

. (17)

In addition, the steady-state heat input H above is used to cali-
brate the thermostructural gain K of the lumped model in Eq. (12),

Table 3

Ball-milled and impactor material properties (room temperature).
Material/Properties Aluminum Nickel Steel

(99.5%) (99.95%) (1.4404)

Thermal conductivity k (W/m K) 205 91 155
Specific heat capacity ¢ (J/kg K) 897 444 510
Density p (kg/m?) 2702 8908 7955
Yield Tensile Stress oy (MPa) 17.5 140 290
Yield Elastic Strain &y [1073] 025 0.823 1.47

as well as the heat source efficiency factor of the full thermostruc-
tural model [14], by matching the predicted fractal dimension f
responses to off-line measurements on laboratory micrographs. For
example, Fig. 11 compares the BM particulate structures, obtained
via scanning electron microscopy (SEM) [23], to the predictions of
the full thermostructural model, along with their fractal dimension
values after 2, 6 and 10h of BM, regulated to @ = 300rpm. The
micrographs show a progressive structural refinement from a glob-
ular agglomerate to a lamellar network microstructure of gradually
increasing fractal dimension, with the calibrated model predictions
matching the experimental results within a £3% error on f. In com-
parison to the simulated responses of Fig. 10, however, lower values
of fover time t towards steady state (or, equivalently, longer times
t required to obrain a desired value of f) result from the calibrated
value of thermal efficiency reduced to 7 = 0.73, therefore yield-
ing lower than previously assumed ideal (1) = 1) heat dissipation
H = nP.

4.2. Adaptive control system

The objective of this paper is to enable in-process control of the
BM particulate structure on the laboratory system to a reference
value of fractal dimension f; which optimizes reactivity performance.
Such control is hindered by the unavailability of real-time, non-
destructive, non-invasive imaging data during the BM process. In lieu
of experimental measurements f, the estimated fractal dimension f
as determined by real-time execution of the model in Ref. [9], can be
used for feedback as in the previous section. Specifically, the model is
run in parallel to the laboratory setting as a thermostructural process
observer, under equivalent modulation of input power P.

To reconcile dynamic discrepancies between the hardware setup
and the software model during BM fabrication, adaptation is needed
in the control scheme. The strategy adopted in this work is based on
real-time comparison of the IR measurements of external tempera-
ture T, to the model predictions of To, achieved via a thermal model
equivalent to Eq. (6). The resulting thermal estimate errore = T, —T,
is thus used for model reference adaptive control (MRAC) [15], as
illustrated in Fig. 12. This scheme uses the accumulated estimation
error e as a measure of thermal deficit of the actual process with
respect to its model. The error is thus compensated by adding a sup-
plementary term P’ to the input of the BM device only. Therefore,
this approach compensates for the temperature deficiency by further
escalating the process [15]:

i pr 1
Pr() =K e (i) = 1;((;)) - ZK_ZI — G (18)
i=0

with & = T, — T,, where K’ is an adaptation gain. This is equivalent to
a linear model follower scheme [15], so named because for a linear
process G(z) and model G(z) driven by a linear controller G¢(z), the
closed-loop behavior for increasing K’ can be shown to approach a
linear pulse transfer function G¢r(z) such that [15]

Ge(2)G(2)

T ke

(19)
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as K" — co. Itis noteworthy thatin the closed loop G¢ of Eq. (18), the
process G has been effectively replaced by its model G. This illustrates
that, with the augmented input, this MRAC system essentially forces
the process to adapt and behave like its model, according to some
pre-designed and optimized closed-loop reference behavior for the
model, determined via simulation.

4.3. Experimental testing

In a laboratory testing, the temperature T, from the IR ther-
mocouple data logger is fed back to the control computer, which
modulates the power P through the rotation rate  setpoint in
the BM device controller. The same computer is used to run the
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Fig. 12. Implementation of model reference adaptive control with the thermostructural model (TM) or the lumped model (LM) as process observers during laboratory device

testing.
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thermostructural model as a real-time observer of the particulate
microstructure and its fractal dimensionf. along with temperature
estimate T,. The control law of Eq. (16a) with power saturation at
Pmax = 300 W is implemented with sampling period ts = 5min.
The adaptation law of Eq. (18) for P’ is run with gain K’ = 4.5 W/K.
The desired reference value for the fractal dimension f is set to
fq¢ = 2.65. The implementation of this control scheme is presented
in Fig. 12.

Fig. 13a shows the saturated response for the power input to
the observer sat(P) (solid lines) and the power input to the device
sat (P+P)(dashed lines). Fig. 13b shows the response of measured
(solid lines) and estimated (dashed lines) external temperatures T,
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Fig. 13. Performance of model reference adaptive control with the thermostructural
model (TM) or the lumped model (LM) as process observers during laboratory device
testing. (a): Input power P responses. (b): Temperature T, (measured and estimated)
responses. (c): Output fractal dimension f responses.

and T,, respectively. Finally, Fig. 13c displays the time history of frac-
tal dimension f (lines), together with actual values of f measured
(markers) on micrographs from stopped tests. In these figures, the
label “TM"” indicates that the observer is the full thermostructural
model, while the label “LM” indicates that the observer is the lumped
model.

When the full thermostructural model is used as observer,
Fig. 13a demonstrates that the input saturation ceiling Pmax prevents
the extra adaptation term P’ to be provided to the device during the
steady state of the process. As a consequence, the actual T, remains
below the estimated T,, see Fig. 13b. Therefore, the error e = T,=T,
remains steady during most of the response and contributes to an
increasing value of P, according to Eq. (18). When the feedback esti-
mate f approaches fa, see Fig. 13¢, and the controller shuts off the
input to the observer at around t = 5.5h, the accumulated P’ con-
tinues to provide actual input to the BM device, which remains in
operation for another ~0.5h. During this additional time, the esti-
mated temperature T, drops below the actual temperature T,. This
causes the error e to become negative, gradually draining P’ until its
depletion, when the device is also stopped. Therefore, the BM setup
adaptation to its reference model observer is implemented by pro-
longing the process rather than intensifying it. This compensates for
the deficiency in thermal exposure of the BM materials, and eventu-
ally allows the achievement of the desired particulate structure, see
Fig. 13c.

It is interesting to discuss the case where the lumped model of
Eqs. (6) and (12) is used as the reference model-observer in Fig. 12,
while the controller and BM device remain as before. It can be seen
that the temperature estimares To slightly underestimate the mea-
sured temperatures To. This results in small negative errors e and
adaptation P, shutting off the device 5min before the reference
model, see Fig. 13a. In this shorter period, the lumped model in Eq.
(12) over-predicts the estimated fractal dimensionf, with the result-
ing actual f falling below the desired f; value, see Fig. 13c. It can be
concluded that an ad-hoc calibration of the thermostructural gain K
to the temperature levels of each BM run would be necessary for the
simpler lumped model to match the microstructure prediction accu-
racy of the more comprehensive, but computationally intensive, full
thermostructural model of the BM particulate.

5. Conclusion and future work

This work investigated thermal and structural modeling and reg-
ulation of the ball milling process, directly addressing its challenges
of inaccessibility to real-time, non-destructive, non-invasive imag-
ing measurements in the enclosed rotating vial during the process.
An adaptive control system for the BM particulate microstructure
was introduced and tested in the laboratory, using proxy feedback
of fractal dimension on micrographs from a real-time computa-
tional model serving as an observer and model reference. Adaptation
was achieved by comparison of the temperature predictions of the
model to infrared thermal measurements obtained on the rotating
vial external surface during the process. The control scheme was
designed on the basis of a lumped model of the heat transfer dynam-
ics of the process, as well as via a formulation of the fractal structure
dynamics. This regulation system achieves the desired refinement in
the BM particulate microstructure by controlling the process dura-
tion as to insure the necessary thermal exposure of the BM products.
As such, this research adds an essential step in the literature efforts
for thermostructural control of ball milling [24-29].

While such regulation of the fractal geometry in the internal
microstructure of BM particulates is a necessary condition to achieve
the desired thermal reactive performance upon ignition, control of
the material aspects in this structure is also needed. Specifically,
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the bimetallic interfaces in the material (Figs. 1 and 11) upon expo-
sure to elevated temperatures give rise to mutual elemental diffu-
sion yielding the respective composition fields near the boundaries.
These reduce the available Gibbs free energy and chemical reaction
potentials, thus affecting the product quality for a certain fractal
geometry. In poorly controlled BM processing, especially at higher
remperatures and duration, the resulting solid solutions may pro-
duce intermetallics (nickel aluminides) during fabrication, therefore
annihilating the respective exothermic enthalpies. Dynamic mod-
eling of diffusion for in-process control of composition is another
crucial aspect of BM regulation, which has been recently investigated
in Ref. [30]. However, simultaneous multivariable control of fractal
dimension and diffusion has not been reported in the literature and
is subject of future research.
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