Predicting the Impact of
Quenching on Mechanical
Properties of Complex-Shaped
Aluminum Alloy Parts

The mechanical properties of age-hardenable aluminum alloy extrusions are critically
dependent on the rate at which the part is cooled (quenched) after the forming oper-
ation. The present study continues the development of an intelligent spray quenching
system, which selects the optimal nozzle configuration based on part geometry and
composition such that the magnitude and uniformity of hardness (or yield strength) is
maximized while residual stresses are minimized. The quenching of a complex-shaped
part with multiple, overlapping sprays was successfully modeled using spray heat trans-
Jer correlations as boundary conditions within a finite element program. The hardness
distribution of the heat-treated part was accurately predicted using the quench factor
technique; that is, the metallurgical transformations that occur within the part were
linked to the cooling history predicted by the finite element program. This study
represents the first successful attempt at systematically predicting the mechanical
properties of a quenched metallic part from knowledge of only the spray boundary
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conditions.

Introduction

Aluminum alloys are used for a wide range of applications,
from common household products such as storm-screen window
frames to structural members in military and commercial aircraft.
The competitiveness of the global marketplace requires that heat-
treated alloys satisfy stringent metallurgical requirements. The
mechanical and metallurgical properties of extrusions and forg-
ings of age-hardenable aluminum alloys are critically dependent
on the rate at which the part is cooled (quenched) after the form-
ing operation. If the final product does not meet the required
specifications, a costly posttreatment operation is required, con-
sisting of additional heat treatment and mechanical straightening
of warped sections, In addition, the effect of posttreatment op-
erations on the final metallurgical properties can seldom be pre-
dicted with accuracy. Thus, an intelligent spray quenching sys-
tem is proposed that will optimize the quenching process to
achieve superior part quality and consistency between production
runs with minimal cost.

Spray quenching involves directing high-pressure sprays of
liquid onto areas of the part where higher cooling rates are re-
quired. The droplets within the spray impact the part surface and
remove heat very efficiently. Fairly uniform cooling of the part
can be achieved by proper location and operation of the spray
nozzles. Currently, the initial nozzle placement and operating
pressure is one of trial and error, guided by the visual appearance
of the part and the experience of the operator. Improper place-
ment and operation of the nozzles may result in high residual
stresses, nonuniform properties, low corrosion resistance, warp-
ing, soft spots, and cracking, all of which may lead to low
strength and premature part failure. The nozzle configuration is
subsequently modified until post-heat treatment tests reveal that
the required mechanical and metallurgical properties were ob-
tained.

The present study is part of an ongoing cross-disciplinary in-
itiative at the Purdue University Boiling and Two-Phase Flow
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Laboratory involving several engineering departments, whose
primary goal is the development of the CAD-based intelligent
spray quenching system proposed by Deiters and Mudawar
(1989) and illustrated in Fig. 1. The operator would input the
composition and geometry of the extrusion or forging into the
CAD system and, after consulting its extensive data bases, the
system would output the nozzle configuration (type, placement,
and pressure) required to achieve optimum cooling and the de-
sired mechanical and metallurgical properties, thus eliminating
the need for costly posttreatment operations. The specific objec-
tive of the present study is the following: predict the hardness
distribution of a heat-treated Al 2024-T6 extrusion using the fi-
nite element method and compare with measurements in order to
demonstrate that it is possible to configure a quenching system
that would yield the desired product specifications without costly
testing.

Metallurgical Aspects of Heat Treatment. The present
study deals with heat-treatable aluminum—copper alloys, specif-
ically Al 2024, which is composed of 93.5 percent aluminum,
4.4 percent copper, 1.5 percent magnesium, and 0.6 percent man-
ganese. The development of the alloy microstructure during the
heat treatment process can be more easily described by consid-
ering a two-component alloy consisting of aluminum and copper.
Figure 2 shows the aluminum-rich region of the aluminum-cop-
per phase diagram and the approximate composition range of the
2X XX series of aluminum alloys (indicated by the shaded re-
gion), which are characterized by their ability to be significantly
strengthened by artificial aging (precipitation hardening). The
evolution of the alloy microstructure during slow cooling can be
analyzed using phase diagrams, which represent the equilibrium
phases associated with various combinations of temperature and
composition. However, during the quenching process, phase
transformations are time dependent and phase diagrams only
serve as a general guide to understanding the heat treatment pro-
cess.

The heat treatment process begins by heating the alloy to the
solution heat treatment temperature, which is above the solvus
temperature (the point where copper becomes soluble within alu-
minum) but below the solidus temperature (the point where the
alloy begins to melt, complete melting occurs at the liquidus
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temperature ). When held above the solvus temperature for suf-
ficient time, the copper (solute) will diffuse completely into the
aluminum (solvent) to form a solid solution. Subsequent cooling
of the alloy below the solvus temperature causes the solid solu-
tion to become supersaturated and the alloy seeks equilibrium by
precipitating the f-phase, CuAl,. As illustrated in Fig. 2, rapid
cooling suppresses precipitation, preserving the homogeneous
supersaturated solid solution, and results in an alloy that is age-
hardenable. Conversely, slow cooling causes coarse precipitates
to form at the grain boundaries and produces an alloy that cannot
be age-hardened. Aging the alloy at an intermediate temperature
allows the formation of a fine dispersion of precipitates within
the aluminum grains, which hinders deformations and conse-
quently increases the strength and hardness of the alloy. If the
precipitates begin to coalesce into a more coarse dispersion, the
alloy is overaged and there will be a smaller number of dislo-
cation barriers, thus reducing strength and hardness.

From an age-hardenability viewpoint, it seems desirable to
cool the entire part as quickly as possible from the solution heat
treatment temperature. However, very rapid quenching of the ex-
terior of a part having a cross section with large variations in
thickness causes the interior of thin sections to cool much quicker
than the interior of thick sections. Large spatial temperature gra-
dients will exist during cooling, which lead to high thermal
stresses and, hence, residual stresses and possible warping (if the
part is relatively thin and the gradients are severe). If the part is
cooled too slowly, uniform cooling may exist, but the desired
strength or hardness cannot be obtained in the subsequent age-
hardening heat treatment. Consequently, an optimum cooling
strategy exists within a window of acceptable cooling rates such
that the part is cooled as quickly and uniformly as possible
(Chepvrier et al., 1981). The proper placement and operation of
spray nozzles allows the local surface heat flux to be controlled
such that all locations within the part cool at an optimum rate.
Before the tradeoff between maximizing strength and minimizing
residual stresses can be analyzed, the quality of the quenching
process must be quantified.

C-Curve, Fink and Willey (1948) pioneered the attempt to
describe the relationship between cooling rate (quenching rate)
and final alloy strength by identifying the temperature range over
which the cooling rate has its most critical influence on the me-
chanical properties of the aged material. Their research resulted
in the development of the C-curve, which represents the time
required at different temperatures to precipitate a sufficient
amount of solute to reduce the maximum attainable strength or
hardness by a given percentage. Fink and Willey used a delayed
quenching technique to determine the C-curve for rolled and ex-
truded Al 7075-T6. Small samples, which could be considered

isothermal at any given time, were rapidly quenched from the
solution heat treatment temperature to intermediate temperatures
where they were held for a given time and then rapidly quenched
to room temperature. The samples were then artificially aged as
specified by the temper designation and their yield strength, ten-
sile strength, or hardness were measured. This procedure was
repeated using different intermediate temperatures and different
holding times. The locus of points on temperature—time coordi-
nates with a particular hardness or strength defines a C-curve for
the alloy. Evancho and Staley (1974) and Staley (1987) used
transformation rate equations developed by Cahn (1956a) to de-
rive a theoretical equation for the C-curve,

kak; k
C, = —kk, exp(ﬁ) exp(ﬁ) ,

where C, is the critical time required at a temperature, 7', to pre-
cipitate a sufficient amount of solute to reduce the maximum
attainable strength or hardness by the percentage represented by
the C-curve. k, is the natural logarithm of the fraction of solute
not precipitated or, as will be seen later, the yield-strength ratio
or hardness ratio. The C-curve constants for Al 2024-T6 are &,
=238 X 1072, k; = 1.31 X 10°, ky = 8.40 X 102, and ks =
1.47 X 10° (Kim, 1989).

The shape of the C-curve can be explained on the basis of the
variation of nucleation and growth rates with temperature. At
relatively high temperatures, the driving force for transformation
is very small so that both nucleation rates (rate at which nuclei
of a critical size or larger appear) and subsequent growth rates
(rate of continued precipitation at nuclei above the critical size)
are slow and a long time is required for transformation. At rela-
tively low temperatures, slow diffusion rates (rate at which atoms
cluster to form a nucleus) limit the rate of transformation. There-
fore, a maximum precipitation rate is obtained at intermediate
temperatures where diffusion rates remain high and the instability
of the supersaturated solid solution causes high nucleation and
growth rates,

Fink and Willey (1948) used average quenching rates through
this critical temperature range to assess the quality of a quenching
process. However, when cooling rates vary considerably during
the quench (e.g., complex-shaped part}, quantitative predictions
of the final mechanical properties using average quenching rates
were not possible. The quench factor technique developed by
Evancho and Staley (1974) uses information from the entire C-
curve to predict how the thermal history affects the final me-
chanical properties of wrought alloys.

(1

Quench Factor Technique, A quench factor analysis of a
transient nonisothermal quench is only valid if the internal re-

Nomenclature
¢, = specific heat at constant pres- q" = heat flux p = density
sure Q" = volumetric spray flux o = yield strength; surface tension
C, = critical time defined in Eq. (1) R = universal gas constant = 8.314 T = quench factor
dy; = Sauter mean diameter (SMD) J/gmol-K
h = convection heat transfer coeffi- Rey, = Reynolds number = p,Q"dyfy,  SuPScripts
cient t = time CHF = critical heat flux
hg = latent heat of vaporization T = temperature DFB = departure from film boiling
H = Rockwell B hardness AT = T, - T; J = saturated liquid; final condition
k = thermal conductivity ATy, = liquid subcooling = Ty, — T g = saturated vapor
k, = natural logarithm of hardness U,, = mean drop velocity i = initial condition
ratio (or fraction of solute not x = coordinate along spray major max = maximum
precipitated) used to define the axis min = minimum
C-curve y = coordinate along spray minor MIN = minimum heat flux
k; = empirical constant in Eq. (1), i axis OSP = onset of single-phase cooling
=2,3,4,0r5 € = fraction of solute precipitated s = surface condition
Nus, = Nusselt number = h di/k; during the quench sat = saturated condition
Pr = Prandtl number 4 = dynamic viscosity
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Fig. 1 CAD-based intelligent spray-quenching system

action (precipitation of solute), which occurs during cooling be-
low the solvus temperature, is additive (Evancho and Staley,
1974). Avrami (1940) determined that a reaction is additive
when the nucleation rate is proportional to the growth rate over
the range of temperatures experienced during the reaction (i.e.,
precipitation kinetics remain unchanged). Cahn (1956b) dem-
onstrated that additivity, as defined by Avrami, is observed in a
reaction where the precipitation rate is only a function of tem-
perature and amount of phase transformation previously com-
pleted. Furthermore, Cahn showed that a measure of the amount
transformed during continuous cooling is given by

Y dr

’ 2
. G (2)

T =

where 7 was later referred to as the quench factor by Evancho
and Staley (1974). Quench factors of zero and infinity corre-
spond to suppression of precipitation and complete precipitation,
respectively. The integral in Eq. (2) can be numerically calcu-
lated, as shown in Fig. 3, by discretizing the temperature—time
cooling curve into small time increments. Each incremental
quench factor represents the ratio of the amount of time the alloy
was at a specific temperature to the amount of time required to
obtain a specified amount of transformation at that temperature.
As the time increment is decreased, the nonisothermal quench
will essentially become a series of isothermal quenches, which
are additive if the alloy obeys the rule of additivity over the entire
range of transformation temperatures. In the process of deter-
mining the C-curve for Al 2024, Kim (1989) verified the as-
sumption of additivity for this alloy.

Evancho and Staley (1974 ) developed the following equation
to describe the precipitation kinetics of aluminum alloys during
continuous cooling:

L=1—exp(kT), (3)
where { equals the fraction of solute precipitated and & corre-
sponds to the C-curve from which the quench factor was calcu-
lated. Evancho and Staley (1974) and Staley (1987) developed
the following equation to predict yield strength, o, using Eq. (3)
under the premise that the relative strength of age-hardenable
aluminum alloys is directly related to the amount of solute re-
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maining in solid solution (1 — {) after the quench (Conserva
and Fiorini, 1973),

0 — Omin

= exp(k7), “4)

Omax — Omin

where o0, and oy, are the maximum and minimum yield
strengths of age-hardened specimens, which have been cooled
from the solution heat treatment temperature at a near-infinite
and extremely slow rate, respectively.

Axter (1980) performed various quenching experiments and
concluded that the resistance to indentation, hardness, was pro-
portional to yield strength for high strength aluminum alloys. The
relative ease of measuring hardness prompted Bates (1988) and
Kim (1989) to define a hardness ratio that would replace the
yield strength ratio in Eq. (4),

H - Hmin

Hmax - Hmin - exp(le)‘

(5)

where H,,, = 78.4 HRB and H,;, = 2.2 HRB (Kim, 1989).
Thus, given the temperature—time history and C-curve of a
wrought alloy, the final mechanical properties (strength or hard-
ness ) of the part can be determined using the quench factor tech-
nique. The quench factor technique has been successfully used
to predict the yield strength and hardness of small (i.e., isother-
mal) aluminum alloy parts (Evancho, 1973; Evancho and Staley,
1974; Sawtell, 1984; Bates, 1987; Bates and Totten, 1988; Kim,
1989) and steel parts ( Bates, 1988; Bates and Totten, 1992).

Experimental Methods

Materials Processing Test Bed. The materials processing
test bed shown in Fig. 4(a) was used to simulate the heat treat-
ment process (solution heat treating, spray quenching, and arti-
ficial aging) of aluminum alloys in an industrial environment.
The testpiece was heated in a Lindberg model 54857-V tube fur-
nace having a cylindrical heating length of 60 cm and diameter
of 15 cm. A three-zone programmable controller was used to
control temperature of the three independent heating zones, thus
ensuring uniform heating of the test piece. The furnace was
mounted above the quench tank to allow the test piece to be
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Fig. 2 Aluminum-rich region of the Al~Cu phase diagram and the microstructure that develops following

quenching of an Al-Cu {4.4 wt%) alloy

lowered into the spray chamber using a vertical translation sys-
tem. The spray chamber was fabricated from optical grade Lexan
sheet to permit observation of the spray quenching process.
Steam produced by the quench was removed by an exhaust sys-
tem connected to the back of the test chamber. The lower quench
tank served as a storage reservoir for recirculation of water during
the quench. The fluid delivery loop contained a fan-cooled cen-
trifugal pump, rated to deliver 25.2 X 107° m*/s (40 gpm) at
690 kPa (100 psi), and a 5 pm filter. The large capacity of the

pump required a bypass line back into the quench tank to main-
tain flow stability.

Water was delivered to the spray nozzles using four nozzle
arrays, one on each side of the spray chamber. The nozzle arrays,
which consisted of three nozzles vertically separated by 11.4 cm
(4.5 in.), allowed some flexibility of nozzle positioning relative
to the test piece. The operating pressure of each nozzle array was
independently controlled using four globe valves connected to
four steel-reinforced flexible rubber hoses. Pressure was moni-
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Fig. 3 Numerical calculation of the quench factor and hardness using a temperature-time curve and the C-curve
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Fig. 4 (a) Schematic of the materials processing test bed; (b) Al 2024 L-shape dimensions and thermocouple placement

tored using glycerin-filled stainless steel pressure gages with a
range of 0—1.10 MPa (0-160 psi). The flat spray nozzles used
in the present study were operated at a pressure of 552 kPa (80
psig) and a distance of 0.305 m (12 in.) from the test piece
surface.
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L-Shaped Test Piece. The L-shaped test piece shown in Fig.
4(b) was machined from an Al 2024 extrusion obtained from
the Aluminum Company of America (ALCOA). The dimensions
were chosen such that the effects of section thickness on cooling
uniformity could be investigated both experimentally and nu-
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merically. The thick and thin protruding sections had a thermal
mass ratio of 4:1. The L-shape was instrumented with four chro-
mel-alumel (type K) thermocouples, which consisted of 0.13 mm
(0.005 in.) wire within a 0.81 mm (0.032 in.) diameter Inconel
600 sheathing with magnesium oxide insulation. The thermocou-
ples were located such that the thermal history of the interior of
both the thick and thin sections was fully characterized. Boron
nitride powder, which has a thermal conductivity comparable to
aluminum, was used to fill the void surrounding the thermocou-
ple bead, thus ensuring excellent thermal contact with the alloy.
Type K thermocouples were chosen for their high-temperature
capabilities and adequate transient response. All thermocouples
were placed in a plane three-tenths the length of the L-shape
above the lower surface.

Surface roughness effects on the temperature-time history of
spray quenched parts were observed by Rozzi (1991). Further-
more, Mudawar and Valentine (1989) and Klinzing et al. (1992)
used polished surfaces to obtain the spray quenching heat transfer
correlations used in the present numerical study (see Table 1).
Therefore, the surface of the testpiece was carefully polished be-
fore each test to ensure uniform surface roughness and repeata-
bility between quenches.

Procedure. The time the alloy is held at the solution heat
treatment temperature depends upon the type of product, alloy
composition, fabricating procedure, and section thickness. The
extruded Al 2024 L-shape was heated to the solution heat treat-
ment temperature of 495°C and held for 160 min before rapid
quenching to room temperature. The subsequent artificial aging
process resulting in the T6 temper consisted of 16 hr at 190°C
(ASM, 1991).

Testing commenced with the raising of the test piece into the
furnace using the vertical translation system. Accurate control of
the furnace temperature was essential since the solution heat
treatment temperature was only 7°C below the solidus tempera-
ture. When the test piece reached the solution heat treatment tem-
perature (or artificial aging temperature), its temperature was
constantly monitored to avoid overheating. The spray quenching
process was initiated by engaging the pump and allowing the
sprays to reach hydrodynamic equilibrium. The test piece was
quickly lowered into the spray chamber using the translation sys-
tem and thermocouple temperatures were recorded every 0.1 sec-
onds throughout the quench.

A Goko Seiki Works model 3R hardness tester was used to
measure Rockwell B hardness according to ASTM Standard E

Table 1 Spray-quenching heat transfer correlations

Quenching (Boiling) Regime

Correlation

Film Boiling Regime
(Klinzing et al., 1992)

qu= 64325)(101 AT1.691 Q:.0.264 d53.062

Point of Departure from Film Boiling
(Klinzing et al., 1992)

qNDFB — 6.100)(106 Q..O,SBS U?ﬁm

ATDFB = 2.808)(102 Q,.0.087 U?ﬁllo d;g.OBS

Film-Wetting Regime
(Klinzing et al., 1992)

q4"=9"viN + (q "pFB - q”MIN) (————ATDFB ATy

2
AT~ ATy )

Point of Minimum Heat Flux
(Klinzing et al., 1992}

q”MIN =13.324x1 06 Q.y0.544 U?ﬁm

ATMIN - 2049)(102 Q,,O.066 U?ﬁm d;g.ﬂ%

Transition Boiling Regime
(Klinzing et al., 1992)

q"=q"cpp— (

+6 ATy ATy AT - 3 (ATCHF + ATMIN) AT? 4 2AT°

9 cr— 9 MIN

3 2
7 |ATenr— 3 ATcar ATvm
ATcyp~ ATM]ZN)

9 cHF

Point of Critical Heat Flux
(Mudawar and Valentine, 1989)

. 1/4 0.198
P c, 1 AT,
— - 1224 1+0.0118(—g) Prlpt ™ °
Pgh Q Pr Pehgy prQ7dy,

s 0.198
AT =180 (pg by Q“) (pQTd)
f 32

1/5.55

Nucleate Boiling Regime
(Mudawar and Valentine, 1989)

q"=187x107° (AT)>*

Onset of Single-Phase Cooling
(Mudawar and Valentine, 1989)

|20
dyy

ATggp= 1343 Re3y®’ Pr?m(

Single-Phase Regime
(Mudawar and Valentine, 1989)

Nuj, =2.512 Re3y 0 Prf

Units of the parameters: q" (W/m2), AT=T,-T; (°C), Q" (m3-s"¥/m2), Ur, (m/s), d3; (m), h (W/m2.K), p; (kg/m3),
pg (kg/m®), heg (Wkg), cpr (IkgK), ke (WimK), py (N-s/m?), & (N/m)
Dimensionless parameters: Nua = h dsa/kp, Pre=cps ks, Regp=pg Q" s/l

Range of validity of the correlations:

Tr=23 °C, Q" = 0.58x10-3 - 9.96x103 m3s1/m?, Up, = 10.1 - 29.9 m/s, daz = 0.137x10-3 - 1.35x103 m

Properties: The fluid properties used in the correlations for the point of incipient boiling and the single-phase regime are
evaluated at the film temperature, Tgym = 0.5 (Ts + Tr). The fluid properties used in the CHF correlation are evaluated at
the fluid saturation temperature (Mudawar and Valentine, 1989).
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18-93 (ASTM, 1993). Several external hardness measurements
were conducted on the heat-treated test piece. Internal hardness
measurements were subsequently obtained by cutting the test
piece near the thermocouple plane using a wet band saw. The
exposed surface was lightly milled, sanded, and polished to pro-
vide a smooth measurement surface. Lubricating oil was used
during the milling process to eliminate heating of the test piece,
which would possibly invalidate the measurements. The sanding
and polishing processes removed material on the surface that was
worked beyond its yield strength during the milling process.

Numerical Methods

Determination of the Heat Transfer Boundary Condi-
tion. The spray quenching heat transfer correlations developed
by Mudawar and Valentine (1989) and Klinzing et al. (1992),
shown in Table 1, depend on values of the spray hydrodynamic
parameters (volumetric spray flux, mean drop diameter, and
mean drop velocity) just prior to impingement upon the surface.
Hence, accurate knowledge of the spatial distribution of the spray
hydrodynamic parameters was essential if the spray quenching
process was to be numerically modeled. The spray hydrodynamic
parameters of the nozzles used in the materials processing test
bed were measured at discrete locations within the spray field
and mathematical models of the spatial distributions were devel-
oped.

Flat spray nozzles are commonly used in spray quenching
since they can provide relatively even spray coverage when sev-
eral nozzles with overlapping spray patterns are utilized. The
elliptical spray pattern generated by the flat spray nozzles facil-
itated the identification of major (x axis) and minor (y axis) spray
axes. Visual examination of a typical flat spray nozzle revealed
a uniform spray pattern, which was fairly symmetric about the
major and minor axes.

The volumetric spray flux, @", was defined as the local volume
flow rate per unit surface area. Measurements revealed that the
volumetric spray flux exhibited a maximum value near the center
of the spray and decayed exponentially away from the center.
Thus, the spatial distribution of the volumetric spray flux was
modeled by

(6)

where A, is the volumetric spray flux measured at the nozzle
centerline and A, and A, are constants determined using a least-
squares curve fit. The volumetric spray flux model for the flat
spray nozzles used in the present study is illustrated in Fig. 5. A
repeatability study was also conducted to verify that the models
developed using a single nozzle were applicable to all nozzles of
that type (Hall, 1993).

The spray quenching heat transfer correlations contain mean
drop diameters and velocities instead of the complete drop size
and velocity distributions of the spray. Sauter mean diameter,
SMD or ds,, is the diameter of the drop whose ratio of volume
to surface area is the same as that of the entire spray. The mean
drop velocity, U, is simply the average of measured individual
drop velocities. A phase-Doppler particle analyzer, manufactured
by Aerometrics, Inc., was used to measure drop size and velocity
simultaneously at discrete locations within the spray field. Mul-
tiple tests were conducted at each location to ensure repeatability.
Several locations within the spray field were targeted in order to
obtain a result that was representative of the entire spray. ds; and
U, did not appear to vary considerably, or predictably, between
measurement locations. Hence, an average d3, (286 pum) and an
average U, (13.5 m/s) were used as the mathematical models
for the spray field at a distance of 0.305 m (12 in.) from the
nozzle orifice.

Typically, the quenching phase of a heat treatment operation
consists of either a stationary part or a long extrusion moving
through an array of overlapping sprays. The nozzle spacing

Q" = Ao exp(Ax? + Ayy?),

Journal of Heat Transfer

Q"= 4.24x10"% exp (-143x2 - 3790 y?)

IS

Volumetric Spray Flux,
Q" x103 (m3.s-1/m2)

Fig. 5 Spatial distribution model of volumetric spray flux for the flat
spray nozzles used in the present study

should be optimized to eliminate undesired axial nonuniformity
in the heat transfer coefficient. Volumetric spray flux appeared
to be the primary spray hydrodynamic parameter controlling the
spatial variation of the heat transfer coefficient since ds, and U,
were insensitive to location. Thus, an optimal nozzle configura-
tion should produce a uniform spray field as well. The spray
interaction between adjacent nozzles whose major axes coincide
was investigated and a methodology was developed for optimiz-
ing nozzle spacing and adapting the single nozzle models for use
with nozzle arrays having overlapping spray patterns (Hall,
1993). Figure 6 compares the nonoptimized nozzle configuration
used in past studies to the nozzle configuration used in the present
study, which eliminates the majority of axial temperature gradi-
ents in a stationary test piece and permits the quenching process
to be analyzed using a two-dimensional numerical model.

Numerical Procedure. Numerical simulation of the spray
quenching process involves the solution of the transient heat dif-
fusion equation with temperature dependent thermophysical
properties and temperature and spatially dependent boundary
conditions. The ability of the commercial finite element program
ABAQUS (Hibbitt, Karlsson, and Sorensen, Inc., 1989) to define
the heat transfer coefficient easily as a function of location and
surface temperature made it ideal for the present study. The ef-
ficient nonlinear equation solver and self-adaptive time stepping
scheme were additional benefits.

The spray quenching process will be optimized in future stud-
ies by adjusting the nozzle configuration; hence, locations on the
surface of the extrusion may or may not be experiencing con-
vection due to the water spray. Thus, the ABAQUS input file
(Hall, 1993) was generalized to permit a convection boundary
condition for all surface elements. A FORTRAN subroutine was
written within the input file to determine the heat transfer coef-
ficient as a function of surface temperature and surface location
relative to the spray nozzles. The subroutine was consulted for
each surface node at every iteration of every time increment. If
the location was being sprayed, the subroutine performed the
following tasks: (1) local spray hydrodynamic parameters were
determined, (2) quenching regime experienced at this location,
and (3) corresponding local surface heat flux were calculated
using the spray quenching heat transfer correlations, and (4) con-
vection heat transfer coefficient was defined as h = ¢"/AT. Ra-
diation heat transfer from sprayed surfaces was neglected since
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Fig. 6 Spatial distribution of volumetric spray flux on the major axis of
the nozzle configurations used in the materials processing test bed

the heat transfer coefficient due to radiation alone (based on a

surface temperature of 495°C and an emissivity of 0.15 (Gubareff
et al., 1960)) was less than 0.6 percent of the lowest value of the
heat transfer coefficient due to spray convection (determined us-
ing the film boiling correlation listed in Table 1 for a location
near the edge of the spray field). Free convection and radiation
from unsprayed surfaces were found to have a negligible effect
on the numerical results. ABAQUS iterated each time increment
until the solution at each node differed by less than 0.01°C be-
tween iterations. A nearly continuous temperature—time history
was obtained by defining a maximum allowable time increment
of 0.1 seconds. Solution convergence was investigated to deter-
mine the appropriate element type and size required by the pres-
ent problem.

Results and Discussion

Experimental Results. The nozzle configuration used in the
quenching process was chosen such that axial uniformity and in-
plane variations of hardness would be obtained in the heat treated
part. The in-plane variations of hardness were necessary to verify
that the quench factor technique accurately predicts the trends in
hardness throughout the part cross section. Previous experiments
indicated that a single nozzle array (consisting of three optimally
spaced nozzles whose major axes coincide) impinging the thin
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section yielded the largest possible variation of in-plane hardness
using this type nozzle and operating pressure (Hall, 1993). This
realistic nozzle configuration was justified by viewing the L-
shape as the symmetric fourth of an I-beam extrusion as shown
in Fig. 7. The web thickness of an I-beam is usually less than the
flange thickness. However, the thicker web used in the present
study was necessary to promote in-plane hardness variations. The
thermocouples were located within the L-shape such that rela-
tively different cooling histories would be obtained and, hence,
a wide range of hardness values would be predicted using the
quench factor technique.

The L-shape was solution heat treated, spray quenched, and
artificially aged to achieve the T6 temper. Rockwell B hardnesses
predicted using the quench factor technique and temperatures
measured during the spray quenching process are indicated in
Fig. 8(a). Following artificial aging, several hardness measure-
ments were made on the surface of the test piece near the ther-
mocouple plane. The L-shape was subsequently cut open and the
exposed surface carefully prepared for additional hardness mea-
surements near the thermocouple locations. The measurements
shown in Fig. 8 (a) represent an average hardness rounded to the
nearest 0.5 HRB. External measurements made near thermocou-
ple locations were in good agreement with the quench factor
predictions. The percent differences between predicted and ex-
ternally measured hardness were 0.6, 3.3, and 0.7 percent for the
surface locations near TC 1, TC 3, and TC 4, respectively. Ad-
ditional measurements conducted on other planes parallel to the
thermocouple plane confirmed the axial uniformity of hardness.
The percent differences between predicted and internally mea-
sured hardness were 0.1, 1.0, 1.2, and 2.8 percent at TC 1, TC
2, TC 3, and TC 4, respectively.

The maximum attainable hardness for Al 2024-T6, H,yx in Eq.
(5), may be approximately 2 HRB higher than the value used to
predict hardness in the present study (Kim, 1989). Thus, hard-
ness predicted using the quench factor technique has an uncer-
tainty of approximately 2.5 percent. This uncertainty combined
with the uncertainty associated with the calibration of the hard-
ness tester explains any differences in magnitude between mea-
sured and predicted hardness. Furthermore, these uncertainties
do not affect the hardness trends (measured or predicted) ob-
served within the L-shape. Thus, the experimental hardness mea-
surements verify that the quench factor technique accurately pre-
dicts the hardness distribution of a heat-treated part from its mea-
sured temperature-time history. This confirmation paves the way
for the next phase leading to the development of the CAD-based
intelligent spray quenching system: combine the quench factor
technique and the finite element prediction of temperature history
to predict hardness without any experimental data.

Numerical Predictions. The ability of the numerical meth-
ods developed in the present study to predict the temperature—
time history of a spray-quenched part accurately was verified in
a related study (Hall, 1993). The quench factor technique was

30.5cm
“ (12.0 i)
i

30.5cm 30.5 cm
(12.0in) (12.0 in)

Fig. 7 1-beam extrusion and possible nozzle configuration used in in-
dustry. The L-shape used in the present study represents the symmetric
fourth of the I-beam.
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Fig. 8 Measured Rockwell B hardness of the heat treated L-shape and
hardness predicted using the quench factor technique with {a) measured
and (b) predicted temperature~time history

used in the current study to predict the hardness distribution from
this temperature—time history. Figure 8(b) shows that external
hardness measurements made on the surface of the test piece near
the thermocouple plane were in good agreement with the nu-
merical predictions. The predicted hardness distribution accu-
rately represented the trends in hardness observed throughout the
L-shape. Furthermore, the point of minimum predicted hardness
and minimum measured hardness coincided. The difference be-
tween measured and predicted hardness was a maximum in the
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thick section. This was attributed to significant forced convection
from unsprayed surfaces of the testpiece to mist and air currents
inside the spray chamber. The methodology developed in the
current study accounted only for free convection from unsprayed
surfaces and, hence, the thick section cooled quicker and had a
slightly higher hardness than predicted. This phenomenon did not
affect the ability of the method to predict trends in hardness ac-
curately. Furthermore, this error should decrease when a larger
portion of the surface is being sprayed (i.e., as the quench is
improved by adding sprays to the thick section).

The experimental hardness measurements verify that the
quench factor technique accurately predicts the hardness of a
heat-treated part from the temperature history predicted using the
methodology developed in this study. This additional confirma-
tion paves the way for the final phase leading to the development
of the CAD-based intelligent spray-quenching system: optimi-
zation of the spray quenching process by predicting and testing
more appropriate nozzle configurations to maximize the magni-
tude and uniformity of hardness. This issue will be addressed in
future studies.

Conclusions

This study continues the development of the CAD-based in-
telligent spray-quenching system, originally proposed by Deiters
and Mudawar (1989), which, once completed, will optimize the
quenching of aluminum alloys to achieve superior part quality.
The primary goal of the present study was to develop a method
for predicting the hardness distribution within heat-treated alu-
minum alloy extrusions. Key conclusions from this study are as
follows:

1 Previously, the quench factor technique was applied only
to small isothermal samples having simple geometries (e.g.,
spheres, sheet). This study has shown that the quench factor
technique accurately predicts the hardness distribution of non-
isothermal, complex-shaped aluminum alloy parts from the mea-
sured temperature—time history.

2 The spray quenching of a complex-shaped part with mul-
tiple, overlapping spray nozzles was successfully modeled using
the methodology developed in the current study and the spray-
quenching heat transfer correlations developed by Mudawar and
Valentine (1989) and Klinzing et al. (1992). The hardness dis-
tribution of a heat-treated Al 2024-T6 extrusion was successfully
predicted using the quench factor technique and the numerically
predicted temperature—time history.

3 Since the quench factor technique has been validated for
both strength and hardness, the methodology developed in this
study should also give accurate yield strength predictions.

4 The coupling of the quench factor technique with the finite
element method and spray-quenching heat transfer correlations
enables the determination of the final mechanical properties a
priori; hence, the performance of a spray quenching system can
be judged prior to operation. Once perfected, the CAD-based
intelligent spray quenching system will significantly reduce cost
and increase productivity.
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