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n this column, we will start to discuss the application of 
Quench Factor Analysis (QFA) to predicting properties of 
quenched and aged aluminum.

QUENCH FACTOR DEFINITION
Quantifying quenching, and the cooling effect of quenchants, has 
been extensively studied [1] [2] [3] [4]. The first systematic attempt 
to correlate properties to the quench rate was performed by Fink 
and Wiley [5] for thin (0.064”) sheet. A TimeTemperatureTensile 
Property curve was created and was probably the first instance 
of a TTP diagram for aluminum. It was determined that the criti-
cal temperature range for 75S is 400°C to 290°C. This critical tem-
perature range was later confirmed [6]. At quench rates exceeding 
450°C/sec., the maximum strength and corrosion resistance were 
obtained. At intermediate quench rates of 450°C to 100°C/sec., the 
strength was lowered (using the same age treatment), but the cor-
rosion resistance was unaffected. Between 100°C/sec and 20°C/sec, 
the strength decreased rapidly, and the 
corrosion resistance was at a minimum. At 
quench rates below 20°C/sec, the strength 
decreased rapidly, but the corrosion resis-
tance improved.

One method that quantifies the quench 
path and material kinetic properties is 
called the “Quench Factor” and was origi-
nally described by Evancho and Staley [7]. 
This method is based on the integration of 
the area between the Time-Temperature-
Property Curve and the quench path.

Historically, the average quench rate has been used to predict 
properties and microstructure after quenching [1] [2] [3]. However, 
average quench rates are not sufficient to provide accurate property 
data and serve as a predictive tool [7]. Quench Factor Analysis was 
developed to quantitatively predict properties. This quench factor 
depends on the rate of precipitation during quenching. The rate of 
precipitation during quenching is based on two competing factors: 
supersaturation and diffusion. As temperature is decreased during 
quenching, the amount of supersaturation increases, providing 
increased driving force for precipitation. In addition, at the begin-
ning of quenching, the temperature is high, increasing the rate of 
diffusion. The Avrami precipitation kinetics for continuous cooling 
can be described by [7]:

Where ζ is the fraction transformed, k is a constant, and τ is 
defined as the quench factor, or:

t is the time, and Ct is the critical time. The collection of Ct points, 
also known as the C-Curve or Time -Temperature-Property curve, is 
like the TTT curve for continuous cooling. 

In general, the Ct function is described by [8]:
	

(3)

where Ct is the critical time required to precipitate a constant 
amount of solute, K1 is a constant that equals the natural logarithm 
of the fraction that was not transformed during quenching, and 
K1 = ln(0.995). K1 is chosen that for τ > 1, a decrease in properties is 
observed. K2 is a constant related to the reciprocal of the number of 
nucleation sites, and K3 is a constant related to the energy required 
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Alloy  	 K2 (sec)	 K3 (cal/mol)	 K4 (°K)	 K5 (cal/mol)	 Reference
7050-T76	 2.2x10-19	 5190	 850	 1.8x105	 [7]
7075-T6	 4.1x10-13	 1050	 780	 1.4x105	 [7]
2024-T851	 1.72x10-11	 45	 750	 3.2x104	 [9]
7075-T73	 1.37x10-13	 1069	 737	 1.37x105	 [10]
2219-T87	 0.28x10-7	 200	 900	 2.5x104	 [11]

Note: Data for 2024-T851 was evaluated using R=1.987. All others were evaluated with R=8.3143

Table 1: Published coefficients for determining the T-T-P Curve for specific alloys and tempers.

Figure 1: Schematic of the process used for determining the Quench Factor.



thermalprocessing.com   21

to form a nucleus. K4 is a constant related to the solvus temperature, 
K5 is a constant related to the activation energy for diffusion, R is the 
universal gas constant, and T is the temperature in °K.

To determine the parameters K1, K2, K3, K4, and K5, it is first nec-
essary to have the C-Curve. C-Curve data is scarce, and of limited 
availability. Table 1 shows some previously published data.

To obtain the overall quench factor, Q, the incremental quench 
factor values are summed progressively as the probe or part is cooled 
through the precipitation range, normally about 800-300°F (425 - 
150°C) [8]. Mathematically, this is shown by:

where C1...Cn are the critical times of the C-Curve, and Δt1... Δtn are 
the incremental times described by the quench path. But, to do this 
integration, the C-curve must be known. This is shown schemati-
cally in Figure 1.

Typically, it is necessary to measure the quench path of several 
sheets of material, and then measure the properties after processing. 
The quench factor is determined for each quench path and associ-
ated with the measured properties. Typically, hardness and tensile 

properties have been used [12]. Properties are then related to the 
quench factor by the equation:

where p is the property of interest, pmax is the maximum property 
attainable with infinite quench rate, and K1 is -0.005013 (natural 
log of 0.995).

There are two difficulties with this method. First, it is necessary 
to know the specific quench path that the part experienced. This is 
often difficult to measure and requires specialized equipment to 
achieve repeatable results [12]. Secondly, it is also necessary that the 
C-Curve is known with sufficient precision. As indicated previously, 
this data is often not available for the specific conditions of interest. 
The lack of having detailed information regarding the C-Curve has 
limited the applicability of the use of the quench factor. Examples 
of measured Quench Factors are shown in Table 2.

 CONCLUSION
In this column, we have defined the Quench Factor, and indicated 
needed data to properly calculate the Quench Factor. In the next 
column, methods of determining the Ct curve of an aluminum alloy 
will be shown, as well as the Quench Factor will be shown.

Should you have any questions regarding this, or any other col-
umn, please contact the writer or editor. 
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Table 2:  Quench Factors and Measured Yield Strength for 1.6-mm thick 7075-T6 
sheet [13].

Quench path	 Quench	 Measured Yield 
	 Factor 	 Strength (KSI)

Cold water, strongly agitated	 0.464	 73.4
Denatured alcohol to 290°C,  
then cold water	 8.539	 69.1
Boiling water to 315°C, then cold water	 15.327	 66.4
Still air to 370°C, then cold water	 21.334	 67.9
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