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The mechanical properties of age-hardenable Al-Si-Mg alloys depend on the rate at which the
alloys are cooled after the solutionizing heat treatment. Quench factor analysis, developed by
Evancho and Staley, was able to quantify the effects of quenching rates on the as-aged prop-
erties of an aluminum alloy. This method has been previously used to successfully predict yield
strength and hardness of wrought aluminum alloys. However, the quench factor data for alu-
minum castings is still rare in the literature. In this study, the time-temperature during cooling
and hardness were used as the inputs for quench factor modeling. The experimental data were
collected using the Jominy end quench method. Multiple linear regression analysis was per-
formed on the experimental data to estimate the kinetic parameters during quenching. Time-
temperature-property curves of cast aluminum alloy A356 were generated using the estimated
kinetic parameters. Experimental verification was performed on a cast engine head. The pre-
dicted hardness agreed well with that experimentally measured. The methodology described in
this article requires little experimental effort and can also be used to experimentally estimate the
kinetic parameters during quenching for other aluminum alloys.
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I. INTRODUCTION

THE heat treatment of aluminum alloys usually
involves three steps: solutionizing, quenching, and
aging. Depending on the cooling rate in the quenching
process, precipitates can heterogeneously nucleate at the
grain or phase boundaries or at any available defects
present in the a-aluminum matrix. This kind of precip-
itation can result in reduction of supersaturation of the
solid solution, which decreases the ability of the alloy to
develop the maximum properties attainable with the
subsequent aging treatment. A quantitative measure-
ment of the properties resulting from different cooling
rates is needed for the quenching process design.[1]

Quench factor analysis, developed by Evancho and
Staley, was able to quantify the variation in properties
due to different cooling rates.[1]

Quench factor analysis has been applied to a wide
range of wrought aluminum alloys to predict properties
or to optimize industrial quenching procedures.[2–5] It is
now recognized as an important technique for modeling
property variation during continuous cooling. In order
to use quench factor analysis for property prediction,
the kinetic parameters of an aluminum alloy during
quenching need to be experimentally estimated and
verified. Interrupted quench, developed by Fink and
Willey,[6] was traditionally employed by the researchers
to collect the experimental data including the thermal
history of an alloy being studied and mechanical
properties from the corresponding quenching process.
Using the interrupted quench technique, Dolan et al.
determined the kinetic parameters for 7175-T73 based
on hardness, electrical conductivity, and tensile
strength.[7,8] Staley gave an example of using the quench
factor analysis method to design an extrusion quench
system that could be used to quench extruded shapes of
AA 6061 as the materials left the die.[9] Bernardin and
Mudawar[10] generated the C-curve for wrought alumi-
num alloy 2024 with the delayed quench technique in
terms of Rockwell hardness in B scale.
The interrupted quench technique requires tedious

experimental work; however, the application of the
Jominy end quench method for the quench factor
analysis has been successfully developed and used by
MacKenzie and Newkirk to estimate the kinetic param-
eters of wrought aluminum alloys 7075 and 7050.[4,5] The
Jominy end quench method was originally developed to
determine the hardenability of steels,[11,12] but now it has
been widely applied to obtain an enhanced insight into
nonferrous alloys[13–16] because it can provide multiple
sets of cooling curves with only one quench.
There are a variety of ways to obtain C-curves and

kinetic parameters with the experimentally measured
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properties and cooling data. The C-curves of 7175-T73
were generated by Dolan et al. using the least-squares
best fit method, and the constants K2 to K5 were
estimated with nonlinear regression analysis.[7] Flynn
and Robinson determined the kinetic parameters K2 to
K5 for aluminum 7010 using multiple regression analy-
sis.[17] Staley estimated the kinetic parameters of
AA6061 with the least-squares routine.[9] MacKenzie
and Newkirk[4,5] generated the C-curves of 7075 and
7050 by simultaneously solving a series of nonlinear
equations, and the kinetic parameters were estimated by
fitting the generated C-curve with the nonlinear least-
squares routine.

However, the methodology for generating C-curves
and kinetic parameters for cast aluminum alloys during
quenching is not available in the literature. In this study,
the experimental data were collected from the Jominy
end quench tests.[4,5] Although generating C-curves by
solving a series of nonlinear equations and estimating K
constants with the nonlinear least-squares routine by
MacKenzie and Newkirk have been successful,[4,5] this
article used multiple linear regression analysis[18] to
estimate kinetic parameters during cooling for cast
aluminum alloy A356 with the experimentally collected
data. The results were verified on a cast engine head.[19]

The methodology described in this article requires little
experimental effort and can be used for estimating
kinetic parameters of other aluminum alloys, either cast
or wrought.

II. THE MATHEMATICAL MODEL

Quench factor analysis is a tool for predicting
mechanical properties of an alloy with a known quench
path and the precipitation kinetics described by time-
temperature-property (TTP) curves. The TTP curve in

Figure 1 is a graphical representation of the transfor-
mation kinetics that influences such properties as
hardness or strength.[2] The assumptions behind quench
factor analysis include that the precipitation reaction
during quenching is additive and the reduction in
strength can be related to the reduction of supersatura-
tion of solid solution during quenching.[9]

The quench factor is typically calculated from a
cooling curve and a CT function, an equation that
describes the transformation kinetics of an alloy. Evan-
cho and Staley[9] defined the CT function as having a
form similar to the reciprocal of the classical nucleation
rate equation. This form can be expressed using the
following equation:[1,2,4,5,9]

CT ¼ � K1 � K2 � exp
K3 � K2

4

RT ðK4 � T Þ2

" #
� exp

K5

RT

� �

½1�

where CT is the critical time required to form a specific
percentage of a new phase; K1 is a constant, which
equals the natural logarithm of the fraction untrans-
formed during quenching (typically 99.5 pct: ln
(0.995) = )0.00501); K2 is a constant related to the re-
ciprocal of the number of nucleation sites; K3 is a con-
stant related to the energy required to form a nucleus;
K4 is a constant related to the solvus temperature; K5

is a constant related to the activation energy for diffu-
sion; R is the universal gas constant, 8.3144 J/K*mol;
and T is the absolute temperature (K).
The incremental quench factor, qf, represents the ratio

of the amount of time the alloy is at a particular
temperature divided by the time required for a specific
percentage of transformation.[2] Incremental quench
factors can be calculated at each temperature and
summed up over the entire transformation range to
produce the cumulative quench factor Q:[1,5,9]

Fig. 1—Schematic illustrations on the plot of CT function to calculate the quench factor.
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Q ¼
X

qf ¼
XT2
T1

Dti
CTi

½2�

where qf is the incremental quench factor and Dti is the
time elapsed at a specific temperature.

With the calculated quench factor, Q, the strength can
be predicted using the following classical quench factor
model:[3,9]

r� rmin

rmax � rmin
¼ exp ðK1QÞn ½3�

where r is the strength; rmax and rmin are the maxi-
mum and minimum strength attainable for a specific
alloy, respectively; K1 is decided previously; and n is
the Avrami exponent.

Based on theoriginal quench factormodel shown inEq.
[3], improvements have been made to justify assumptions
used for quench factor analysis, including the relationship
between strength and solute concentration, minimum
strength, andAvrami exponent.[20] The assumption of the
linear relationship between strength and retained solute
concentration was found to contradict the strengthening
theory. According to the strengthening theory, Eq. [3] is
rewritten as the following improved formula:[20]

r� rmin

rmax � rmin
¼ exp ðK1QÞn½ �1=2 ½4�

A variety of mechanical properties have been used for
quench factor modeling, including Vickers hard-
ness,[4,5,7,20] Rockwell hardness,[2,10] electrical conduc-
tivity,[7,17] yield strength,[3,20,21] and tensile strength.[7]

Although many successful predictions were made in the
literature, the classical quench factor models were
established based on the variation of strength with the
retained solute concentration. Caution has to be taken
when any properties other than strength are used in the
quench factor modeling unless a linear relationship
between the strength and the property exists for the
alloy being studied.[20] In this investigation, the Meyer
hardness,P , is the property used in the quench factor
modeling, which has an approximately linear relation-
ship with strength. The Meyer hardness is defined as[22]

P ¼ 4L
pd2

½5�

where P is the Meyer hardness, MPa; L is the load,
kg; d is the diameter of indentation, mm.

The relationship between Rockwell hardness and
Meyer hardness can be experimentally determined for
an alloy. For cast aluminum alloy A356, the conversion
was established by Tiryakioglu and Campbell using
regression analysis of the experimental data.[22] The
indentation size, d, is correlated with the Rockwell B
hardness in the following equation:[22]

d ¼ 1:263 � 5:270�10�3RHB ½6�

Using Eqs. [5] and [6], the Meyer hardness can be
calculated from the experimentally measured Rockwell

hardness in B scale. The reason of using the Meyer
hardness in the quench factor modeling is that it has a
linear relationship with strength so the assumptions for
quench factor models are still valid in this case.

III. RESEARCH METHODOLOGY

The research methodology used in this article for
estimating kinetic parameters of aluminum alloys during
quenching is illustrated in Figure 2. This methodology
starts from preparing an aluminum alloy of interest and
casting Jominy end quench bars. Based on the ASTM
standard A255, Jominy end quench tests are performed
to experimentally collect time-temperature and Rock-
well hardness data at a series of selected locations on a
bar. The advantage of using the Jominy end quench
method for quench factor modeling is that a large range
of cooling rates can be obtained with only one quench,
which dramatically reduces the experimental efforts that
are usually required with any other method. Rockwell
hardness is converted to the Meyer hardness using the
relationship established by Tiryakioglu and Campbell,
as shown in Eqs. [5] and [6].[22] Multiple linear regression
analysis is performed on the experimental data to
numerically estimate the kinetic parameters. These
kinetic parameters are experimentally verified on a cast
engine cylinder head. This methodology requires little
experimental effort, is illustrated for cast aluminum
alloy A356, and can be used to experimentally estimate
kinetic parameters during quenching for other heat-
treatable aluminum alloys. More detailed procedures of
this methodology are included in Section IV.

IV. EXPERIMENTAL

A. Materials and Sample Preparation

Aluminum A356 cylindrical bars, 2.54 cm in diameter
and 20.32 cm in length, were cast in a permanent cast
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Fig. 2—Overview of the research methodology for quench factor
analysis.
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iron mold in the WPI Metal Processing Institute
Advanced Casting Laboratory. The casting mold was
preheated to 427 �C in a GECO BHT30 furnace.
Aluminum alloy A356 ingots were melted in a MEL-
LEN CC12 resistance furnace and cast into the pre-
heated cast iron mold. Prior to casting, the melt was
degassed using argon gas for about 90 minutes. A rotary
impeller was used to agitate the melt during degassing.
The melt pouring temperature was kept constant at
800 �C in the furnace. Jominy end quench specimens
(2.54 cm in diameter, 10.16 cm in length) were fabri-
cated from cast bars according to SAE J406 and ASTM
A255 standards. The chemical composition of cast
aluminum alloy A356 used in this study is given in
Table I. This alloy is modified with 0.02 pct strontium.

B. Experimental Apparatus

The Jominy end quench apparatus was built according
to the standard described in the SAE J406 and ASTM
A255 specifications. A schematic of the apparatus is
shown in Figure 3. An orifice, 12.7 mm in diameter, is
connected to the waterline through a plastic pipe for
quenching. The top plate supports the part in position.
According to the standards, the distance between the test
specimen and the orifice is 12.7 mm. Because the
quenching occurs at one end of a bar, the cooling along
an entire Jominy end quench bar is one-dimensional.

V. RESULTS AND DISCUSSION

A. Microstructure of Cast Aluminum Alloy A356

The microstructure of as-cast and as-solutionized cast
aluminum alloy A356 was examined with both scanning

electronic microscope and optical microscope. The shape
and size of silicon particles reveal the extent of solution-
izing. Solutionizing for long periods modifies the mor-
phology of the eutectic silicon. The rounding of silicon
particles can effectively improve the ductility and fatigue
properties of the alloy. From Figure 4, both the sphero-
idization of acicular silicon and the coarsening of small
silicon particles are observed by comparing the silicon
morphology before and after the solutionizing treatment.
More spherical particles are seen in the as-solutionized
sample that was solutionized at 540 �C for 4 hours. The
average equivalent diameter of Si particles in an as-
solutionized A356 Jominy end quench bar is 3.6 lm. The
Fe-containingp/bphases can also be seen on the cell/grain
boundaries. These iron-rich phases are detrimental to the
alloy and require a much longer solutionizing time to be
dissolved. In most cases, complete dissolution of iron-
containing phases is not observed.[23]

B. Quench Factor Modeling

Both the thermal history of an alloy and the mechan-
ical properties that result from specific quenching rates
need to be obtained for quench factor modeling.

Sample

Thermocouples

12.7mm ID 
Orifice

12.7mm

The quench end

Sample

Thermocouples

12.7mm ID 
Orifice

12.7mm

The quench end

Fig. 3—Schematic of the Jominy end quench apparatus.

Table I. Chemical Composition of Cast Aluminum Alloy
A356 (Weight Percent)

Si Mg Cu Mn Fe Zn Ti Sr Al

7.20 0.35 0.01 0.0026 0.125 0.01 0.13 0.02 balance

Fig. 4—Microstructure of (a) as-cast and (b) as-solutionized cast alu-
minum alloy A356.
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The thermal history of cast aluminum alloy A356 was
obtained by measuring the time-temperature data dur-
ing quenching with K-type thermocouples at selected
locations of a Jominy end quench bar after the bar was
solutionized at 540 �C for 4 hours. Selected locations
are given in Table II. The locations are selected to cover
a wide range of cooling rates. The time-temperature and
cooling rate profiles at ten different locations of a
Jominy end quench bar are presented in Figures 5(a)
and (b). Due to the nature of axial cooling along the bar,
a large variation in cooling rate is observed. At the point
of 3.2 mm from the quench end, the maximum cooling
rate is approximately 150 �C/s, which is equivalent to
water quench. The maximum cooling rate decreases
dramatically to about 5 �C/s at 63.5 mm from the
quench end, similar to the cooling rate attainable from
an air quench. A large range of cooling rates, from the
fastest to the slowest, can be attained from quenching a
Jominy end quench bar.

Meyer hardness values were obtained from the con-
version of Rockwell B hardness values with the relation-
ship established by Tiryakioglu and Campbell.[22] Two
flats, milled down 0.381 mm from the surface, were made
on a Jominy end quench bar aged for 6 hours at 165 �C.
Rockwell B hardness was measured at the locations
where the time-temperature data were collected. The
Meyer hardness is plotted with the distance from the
quench end in Figure 6. The hardness value ranges from
143 MPa at 3.2 mm from the quench end to 130 MPa at
63.5 mm from the quench end.

The maximum Meyer hardness, Pmax, in Eq. [3] is
taken as the value at the quench end because the quench
end is subject to the most severe cooling and only limited
precipitation is assumed to possibly occur during
quenching. To obtain the minimum Meyer hardness
Pmin in Eq. [3], a Jominy end quench bar was solution-
ized at 540 �C for 4 hours in a conventional furnace and
transferred to a fluidized bed that was preheated to
540 �C. The heater was turned off and the blower was
left on. The test bar cooled slowly in the fluidized bed
for about 20 hours to allow the precipitation to
approach the equilibrium state. The bar was then
quenched in water and subsequently aged at 165 �C
for 6 hours in a conventional furnace. Hardness was
measured on the cross section of the as-aged specimen.
Ten readings were taken and averaged to obtain the
minimum hardness used in the quench factor models.

Among the techniques available in the literature for
determining the kinetic parameters, multiple linear
regression analysis was employed in this article. Instead
of minimizing the squares of the difference between the
predicted and measured property, as described in the
least-squares routine, this method is used to obtain a best
linear relationship between a function of experimentally
measured properties and calculated quench factors.

If double natural logarithms are taken on both sides
of Eq. [3], the Eq. [7] is generated. Because the
relationship between the strength and quench factor in
Eq. [3] is valid, the logarithm of fractional Meyer
hardness has a linear relationship with ln (Q), with the
intercept being Avrami exponent n, as shown in Eq. [7].

Table II. Distance from the Quench End Where Experimen-

tal Data was Collected

Millimeter 3.20 6.40 9.50 12.7 15.8 22.2 31.7 38.1 50.8 63.5

Inch (·1/16) 2 4 6 8 10 14 20 24 32 40

Fig. 5—(a) Cooling curves and (b) cooling rate curves at different
locations of a Jominy end quench bar of cast aluminum alloy A356.

Fig. 6—Meyer hardness along a Jominy end quench bar of cast alu-
minum alloy A356.
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ln
1

K1
ln

P � Pmin

Pmax � Pmin

� �� �
¼ n ln ðQÞ ½7�

The left side of the equation can be calculated with the
known maximum hardness, minimum hardness, and
measured hardness at selected locations of a Jominy end
quench bar. Together with experimentally measured
quenching data in Figure 5, K constants in Eq. [1] are
initially estimated to calculate the quench factors Q
using Eq.[2]. The logarithm of fractional Meyer hard-
ness is plotted against ln (Q) as a scatter plot. The
scatter plot is fitted with a linear curve and the
coefficient of determination (R2) for the curve is calcu-
lated.[18] Constants in Eq. [1] are iteratively adjusted
until calculated quench factors provide the highest
possible coefficient of determination for the plot and
the fitted linear curve passes through the origin (or the
intercept is very close to 0).[18] An example best-fit curve
using Eq. [3] is shown in Figure 7. The kinetic param-
eters and Avrami exponent obtained from multiple
linear regression analysis are presented in Table III.
Constants for the improved quench factor model in Eq.
[4] are obtained with the same analysis and are presented
in Table III.

With estimated kinetic parameters in Table III, crit-
ical times at different temperatures were calculated using
Eq. [1] and plotted as a function of temperature for both
original and improved quench factor models, as shown
in Figure 8. These two TTP curves correspond to 0.5 pct
precipitation of a secondary phase in cast aluminum
alloy A356.

C. Experimental Verification

Experimental verification was performed using a cast
aluminum alloy A356 engine cylinder head, which was
cast from the lost foam casting process. Sixty-four
engine heads were placed in a quench load and two
layers (2 · 32) in a continuous furnace.[19] One of the
engine heads was instrumented with K-type thermocou-
ples to record the time-temperature data during the
quenching process. One engine head was selected for the
purpose of mechanical testing and metallographic inves-
tigation. The rest of the engine cylinder heads were used
as dummies to study the effect of the racking pattern.
Engine heads were solutionized at 538 �C for 5 hours

in a continuous furnace and quenched in agitated water
at 76 �C. As shown in Figure 9, K-type thermocouples
were instrumented at the selected nine locations of a
five-cylinder engine head and time-temperature data
were collected at these locations during quenching. As-
quenched cylinder heads were aged at 160 �C for
4 hours.
Two specimens were removed from the locations

where thermocouples 7 and 8 were located in the engine
head. Rockwell B hardness measurements were taken
near the spot where the thermocouple tips were attached
using a Wilson hardness tester model 3JR, S/N 10661.
The results are shown in Table IV. Using the time-
temperature data collected at the corresponding two
locations, the Meyer hardness was predicted with kinetic
parameters given in Table III and converted to Rock-
well B hardness. The predicted hardness data were
compared with that experimentally measured. The
results are shown in Table IV. The predicted hardness

Table III. Precipitation Kinetic Parameters of Cast Aluminum Alloy A356 during Quenching

Equation K1 K2 K3 (J/mol) K4 (K) K5 (J/mol) Avrami Exponent, n

[3] )0.00513 1.27 · 10)9 60 764 131,000 0.92
[4] )0.00513 6.41 · 10)10 56 764 131,000 0.92

Fig. 7—An example best-fit curve for quench factor analysis of cast
aluminum alloy A356.

Fig. 8—TTP curves for cast aluminum alloy A356 (Eq. [3] corre-
sponds to the original quench factor model; Eq. [4] corresponds to
the improved quench factor model).
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agreed well with the experimental result. These results
have also been presented elsewhere.[19]

VI. SUMMARY

A methodology to predict the effects of quenching
rates on the mechanical properties of cast aluminum
alloys was described in this study. Based on this
methodology, kinetic parameters during quenching for
cast aluminum alloy A356 were estimated with exper-
imentally measured quenching rates and the Meyer
hardness along a Jominy end quench bar. The TTP
curves for cast aluminum alloy A356 were generated
with estimated kinetic parameters. Experimental verifi-
cation was performed on a cast aluminum alloy A356
five-cylinder engine head. The hardness was predicted
using quench factor analysis and compared with exper-
imental results. The predicted hardness agreed well with
that experimentally measured. This methodology re-
quires little experimental effort and can also be used to
experimentally estimate the kinetic parameters during
quenching for other heat-treatable aluminum alloys.
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