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1. Introduction

The development of 5XXX series Al-Mg-based alloys with nontraditionally high
concentrations of Zn has provided an exciting composition space that has been
largely unexplored in open literature. However, more than 60 peer-reviewed
articles have been published exploring this composition space for wrought alloy
products since a U.S. patent was issued to ALCOA Inc., in 2016.1? The alloys,
recently dubbed “crossover alloys,” are able to be strengthened via precipitation
hardening without the use of expensive exotic elements such as Sc, Y, and Er and
can be easily produced within current recycling streams used by the aluminum
industrial base.? These alloys can be strengthened by additions of Zn (typically
between 2.0 and 5.0 wt%) with up to 1 wt% addition of Cu that shifts the
equilibrium phase diagram from an o + B-AlsMg> phase field to an a + t-
Mg32(Al,Zn,Cu)49 phase field. Formation of the equilibrium t-phase generally
follows a precipitation sequence from a supersaturated solid solution to retain the
a phase, which precipitates one or multiple metastable phases before reaching
the equilibrium t-phase whereby the metastable variants of t-phase provide the
precipitation-hardening effect.*® In contrast, traditional 5XXX series wrought
products rely on solid-solution strengthening and strain hardening as the primary
strengthening mechanisms because Al-Mg-based precipitates do not provide
precipitation hardening. However, the integration of precipitation hardening allows
significantly higher strengths while maintaining the low-density benefits inherent
to magnesium. To achieve optimal performance in metrics such as yield
strength, fracture toughness, and corrosion resistance, a precise understanding of
thermomechanical-processing routes and the corresponding microstructure
underpinning material performance is required. To this end, process models serve
as critical tools, establishing mathematical relationships between variables such as
chemical composition and heat treatment parameters to determine material
properties based on fundamental physical principles.

A first-of-its-kind process model for age hardening of aluminum alloys was
established by Shercliff and Ashby in 1990.>¢ Their process model was
successfully applied to 2XXX and 6XXX series aluminum alloys for isothermal
heat treatments® and non-isothermal heat treatments® applied in heat-affected zones
during welding. This process model has primary advantages, including not needing
knowledge of the exact nature of precipitate composition, size, distribution, and
identity that usually requires time-consuming preparation and analysis via
transmission electron microscopy (TEM) or small-angle X-ray scattering. The
process model can be computed as often as needed based on modified experimental
heat treatment data and temperatures. Later process models, such as those proposed



by Deschamps and Brechet,” Deschamps et al.,® Zhu et al.,” Zhu and Starke,!* Myhr
et al.,'" and Robson,'? utilized more complex models that incorporated the nature
of precipitates to successfully predict strength.

This investigation evaluates the efficacy of the Shercliff and Ashby>® process
model to predict the isothermal-hardening behavior of registered crossover alloy
AAS5180 (henceforth noted as 5180). This model was selected for its simplicity
because it only needs experimental age-hardening curves to calibrate the model in
lieu of extensive TEM analysis. Eight experimental age-hardening curves were
generated at temperatures ranging from 105 to 225 °C for durations up to 4,344 h
to build a first-of-its-kind database for 5180 to calibrate the process model.

2. Methods and Theory

2.1 Experimental Methods

A high Cu variant of 5180 was used during this study, and the actual composition
is found in Table 1. Samples approximately 1/4 x 1/4 x 1 inch were sectioned from
a 1-inch-thick plate of 5180 in the T10 temper for heat treatment studies. The
samples were exposed to solution treatment at 485 °C for 1 h to remove any cold
work in a muffle furnace and then water quenched at room temperature. The water-
quenched samples were immediately artificially aged in either an oil bath or
laboratory convection oven depending on the temperature specified in Table 2 and
subsequently water quenched after completing the designated aging time. The
temperature in the oil bath was monitored using an independent K-type
thermocouple, whereas temperature in the convection ovens was monitored using
a 5180 sample with a K-type thermocouple inserted into it.

Table 1. The composition of 5180 as measured by inductively coupled plasma-optical
emission spectrometry in wt%.

Alloy Al Mg Zn Cu Mn Zr Ti Fe Cr Ni Si Sc

Nominal Bal 3.54.5 1.7-2.8 0.1 0.2-0.7 0.08-0.25 0.06-02 ..2* ... LA
Actual  Bal 3953 2286 0.226 0.191 0.148 0.096 0.041 0.002 0.006 0.078 0.037

aIndicates 0.35 wt% Si + Fe.



Table 2. The type of equipment used to heat treat samples at each of the specified
temperatures.

Temperature

©C) Equipment
105 Oil bath

115 Convection oven
125 Convection oven
140 Convection oven
155 Convection oven
170 Convection oven
200 Convection oven
225 Convection oven

Rockwell B hardness (HRB) was measured on each sample using a Wilson
Instruments Rockwell Hardness Tester by taking the mean of five measurements.
Before hardness measurements, samples were ground to a Coated Abrasive
Manufacturers Institute (CAMI) 600-grit finish using silicon carbide (SiC) papers
to remove any surface films from heat treatment and to ensure samples were flat
and parallel. The HRB data was transformed to Vickers hardness (VH) units using
ASTM E140-12B(2019)el."* An internal calibration curve was generated on
various crossover alloys for similitude to verify the validity of ASTM E140-
12B(2019)el over the range of Rockwell hardness values measured in this study.

Samples for Vicker hardness testing were prepared by grinding samples to a CAMI
1200-grit finish using SiC grinding papers and polished successively with 1- and
0.25-pum water-based, diamond-polishing slurries, rinsed with deionized water, and
dried under compressed laboratory air. A minimum of 10 Vickers hardness
measurements were performed on a Mitutoyo HM-200 Vickers hardness tester was
used with a 1-kgf load with a 5-s load time, 10-s dwell time, and 5-s unload time.

After completion of Vickers hardness measurements, five HRB measurements were
taken on the same samples as described above. Conversion of hardness data from
HRB to VH was necessary for the process model because the round ball used for
HRB measurements produces a nonlinear gradient of hardness, whereas the Vickers
hardness method produces a linear hardness gradient due to the geometry of the
diamond indenter. The collected data showed excellent agreement within one
standard deviation of the mean to ASTM E140-12B(2019)el,"® as shown in
Figure 1.
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Figure 1.  Plot of HRB vs. VH comparing data from ASTM E140-12B(2019)el®® to
internally generated data on various crossover alloys.

Transformation of all HRB data measured in this study was transformed to VH via
the following transfer function of ASTM E140 in Equation 1, where VH is the
Vickers hardness number and HRB is the measured Rockwell B hardness.

HRB

VH = 2526 x 1077 (52) + 26.936 (=

72.917

HRB
101.871

4.991

) + 29.742( ) +1.340 (1)

2.2 The Process Model

2.2.1 Components of the Physical Model

Complete details for the derivations and theoretical assumptions of the process
model can be found in the manuscript by Shercliff and Ashby,’ but the relevant
assumptions and equations needed to complete the process model are provided
below. The primary expressions developed for the process model are based on the
following:

* The contributions of solid solution to the strength as a function of precipitate
volume fraction and solute concentration in the matrix.

* The dependence of equilibrium precipitate volume fraction as a function of
temperature.

» Coarsening of precipitates by competitive growth.

* The contributions of shearable and non-shearable precipitates to the
strength.



The total hardness (Hrw:) due to precipitation hardening is composed of the intrinsic
hardness (H:), solid-solution hardness (4Hss), and precipitate hardness (4Hpp),
where the intrinsic hardness includes the hardness of aluminum, contributions of
stable phases, contributions of grain-size strengthening, and any other contribution
which is assumed to be constant during aging:

The solid-solution hardening component can be written as Equation 3.

ss0

2/3
MHgs = |AH3G + (AHILE — AH Yexp (- é)] , 3)

where AHgs is the final solid-solution strengthening contribution after the
equilibrium volume fraction of precipitates has been reached, AHgg; is the initial
solid-solution strengthening hardening contribution after quenching, ¢ is the aging
time, and ¢/ 1s a constant related to the time-to-peak hardness (#) and a constant k&
whose value lies between 0 and 1:

t, = kt, (4)

The value for AHgg; is the difference between the as-quenched hardness (H,) and
the intrinsic hardness (H;), where the intrinsic hardness is assumed to be 15 HV for

aluminum, whereas the value for AHg, is the difference between the overaged
hardness (AH; ,,) and the intrinsic hardness.

AHggo = AHgg 0 — H; (5
The overaged hardness is determined from known values of H; and H, following
Equation 6:
-2Qs (1 1
AHss,oa =H; + (Hq - Hi)exp [? (; - T_s)]’ (6)

where Qs is the free energy of solution of the solute, R is the ideal gas constant, 7’
is the aging temperature in units of K, and 75 is the metastable solvus temperature
of the strengthening precipitate in units of K. Values for Qs and 7 are derived from
experimental data in the calibration procedure that is described in Section 2.2.2.

The contribution of age-hardenable precipitates to hardness is based on synergy
between shearable and non-shearable precipitates whose contributions are related
to the precipitate volume fraction and precipitate radius, which is assumed to be
spherical. Shercliff and Ashby>¢ gave the following contributions of precipitates to
hardness (Equation 7):



_25(Pr)Y/e

Aprt - 1+(p*)1/2’ (7)

where S is the peak precipitate strength and P*= P/P,. The temperature corrected
time (P) for a fixed volume fraction is given by

_t a
P_Texp(RT)’ (®)
where Qu is the activation energy for volume diffusion of atoms in the matrix, and
P is the value of P at the peak in the aging curve. The precipitate strength (So) as a
function of time and aging temperature is given by

(S0 = (S)uax [1 = exp (%) (3 - 7)), 9)

Ts

where (So)max 1s the strength parameter that is found after the calibration procedure.

2.2.2 The Calibration Procedure

Shercliff and Ashby® structured the above equations such that the unknown
constants can be determined from aging curves after an iterative calibration process.
The steps to calibration are as follows:

1) Choose values for the as-quenched hardness (H,) and the intrinsic strength
(Hi) and calculate a first estimate of AHg;,, halfway between the two
values. A first estimate is needed because AHg; ,, is dependent on the aging
temperature and unknowns Qs and 7.

2) Determine the time-to-peak aging and the peak hardness for as many
temperatures as possible.

3) Make aplot of In(#,/T) vs. 1000/ and measure the slope, O~/R, to determine
Qq where R = 8.314 J/mol-K.

4) Calculate P, for each aging temperature and use the mean of P, for the
remaining calculations.

5) Evaluate AH,,, for each temperature using the value determined for Q. and
calculate S, as the difference between the peak hardness and estimated
AHss,oa-

6) Plot (So)? vs. aging temperature (in units of K) and extrapolate the data curve
to (S0)> = 0 to give an estimate of 7.

7) Estimate (Sy)3,4, from the lower-temperature plateau and calculate Qs at
each temperature using Equation 9. Use the average value to compute the
first estimate of Q.

8) Repeat steps 1-7 inserting values for AH, ,, using Equation 6 to provide a
more accurate estimate of AHgg,, using k£ = 0.5 and continue until a



satisfactory fit between theory and data is reached. Final tuning of the
process model can be performed by adjusting k.

After a satisfactory fit is made, the parameters can be further optimized by
performing sensitivity analysis. The above process applies for a single
strengthening precipitate; however, if multiple strengthening precipitates are
involved, then a transition temperature needs to be determined from the data using
the Arrhenius plot of peak corrected time and the plot of (So)® versus aging
temperature. For example, data for a low-temperature and high-temperature regime
have the same calibration procedure as that for data which falls above and below
the transition temperature. This may cause difficulty in estimations of 7s and
(So)2,4x» particularly in the low-temperature regime, where data may be sparse due
to the long aging times needed to reach peak aging and lack of appearance of a clear
plateau in the plot of (So)? versus aging temperature.

3. Results

3.1 Age-Hardening Results

The mean measured hardness as a function of aging time and temperature is shown
in Figure 2, and the relevant peak hardness data needed for the process model is
given in Table 3. Each of the hardness curves shows a defined peak, except for the
aging temperature of 105 °C, which appears to increase hardness after 3,024 h of
aging and 115 °C. This temperature appears to be nearing peak hardness after
4,344 h of aging. Based on the nature of the hardening curves, the peak hardness
data for 105 °C will not be used in further calculations, but the peak hardness for
115 °C is assumed to be a valid peak hardness.
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Figure2.  The mean hardness vs. time measured at different temperatures. Error bars are
1 standard deviation of the mean, and “ST” indicates the solution-treated hardness.

Table 3. The mean peak hardness measured and time to reach peak hardness ().

Aging Peak Time-to-peak
temperature hardness hardness

(WY (HY) (h)
105 122.8+0.72 S
115 116.2+1.34 4320
125 1103+ 1.16 504
140 105.9 +0.705 128
155 101.4 +0.83 72
170 96.2 +£0.82 32
200 90.6£1.3 8
225 89.1+1.5 4

3.2 First Iteration of the Process Model

For the first iteration of the process model, AH ,, was assumed to be 46.45 with
an intrinsic strength of 15 HV and an as-quenched hardness of 77.9 HV. The
Arrhenius plot of the time-to-peak hardness and aging temperature is shown in
Figure 3. All linear-fitted data within OriginPro 2023b yielded a slope of
approximately 11,650 K, providing 96,858 J/mol for Q., which was used to
calculate the initial P». The average value for P, was 1.46 x 10~°, which was used
in Equation 7 to compute the hardness contribution of precipitates.
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Figure3. The Arrhenius plot of the peak-corrected time for calibration procedure with a
single linear fit.

The first plot of (So)* versus aging temperature is shown in Figure 4 using the
evaluated parameters in Table 4. Figure 4 revealed that (So)? increased to a vertical
asymptote instead of a horizontal asymptote as the aging temperature approaches
0 K. This process indicates that additional low-temperature data are required to
completely physically describe the precipitation-hardening response. Further
inspection of the curve could also indicate a high- and low-temperature precipitate
based on the curvature as temperature increases. However, this first iteration uses
an approximation of the overaged hardness that is the same for all aging
temperatures. This provides a first estimation, whereas the actual overaged strength
at each temperature is dependent on the aging temperature, solvus enthalpy, and
solvus temperature, as indicated in Equation 6.

10,000
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6,000 —

5,000 +

So? (HV?)

4,000
3,000 +
2,000

1,000

0
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Figure 4.  The first plot of (S)? vs. aging temperature.



Table 4. Data for the evaluated parameters at various aging temperatures.

T T P (So)?
14 So 2
O (K) (/K) (HY) (HV)
115 388 3.66E-09 69.35 4809.4
125 398 8.84E-10 63.85 4076.8
140 431 5.87E-10 59.15 3498.7
155 428 9.14E-10 5495 3019.5
170 473 9.86E-10 49.75 2475.1
200 498 1.22E-09 44.15 1949.2
225 498 2.00E-09 42.65 1819.0

The solvus temperature was approximated using a linear fit of all data in Figure 4
and determined at zero strength to be 550 K (277 °C). For the initial calculation of
Os, (S9)?%,4x Was estimated to be 10,000 HV and values for each aging temperature
are given in Table 5. The mean value for Os was then used to calculate (So)? versus
temperature whose results show good agreement with the data given in Figure 5. In
addition, a plot for the calculated values of (So)? versus aging temperature shows
good agreement with the data shown in Figure 5.

Table 5.  The evaluated values of Qs at each temperature.

115°C 125°C 140°C 155°C 170°C 200°C 225°C Mean
Os(/mol) 7,182 6,271 5936 5767 5384 6,090 8,792 6,489

11000
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) 5000 -
4000
3000 +
1 )
2000 -
1000
0 T T T T T T
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Figure 5.  The plot of (Sy)’ vs. aging temperature with the first calculated values of (S)>.

The first iteration of hardness versus aging time for the process model (shown in
Figure 6) reveals that further tuning of the model is needed. The model has captured
the general shape of aging hardening at each temperature, but notable differences
are present for the peak hardness, time-to-peak hardness, as well as poor matching
of overaged data. Nonetheless, this first approximation shows promise for fitting
the system with additional tuning.

10
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temperatures. The solid-colored lines indicate the process model prediction for each
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3.3 Continued Iterations for One Strengthening Precipitate

Several iterations of the process model were completed utilizing Equation 6 for the
overaged strength: the final optimized parameters were determined in Microsoft
Excel using the solver function. To complete this, the squared error (SE) was

calculated for each predicted data point compared with the measured experimental
data following

SE = (Hmeas - Hpred)za (10)

where the SE is determined by the measured hardness (H,,.,s) and the predicted
hardness from the process model (Hpyeq). The sum of the SE was used as the
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minimization criteria using the SE for each data point with equal weight. The
generalized reduced gradient (GRG) nonlinear solving method was utilized with
QOu, Ts, (So)?,4x, and Oy as variables to provide final fitting. The final optimized
parameters lowered the sum SE from 435% to 166%, which indicated an
improvement but far from an excellent fit. The corresponding fit of hardness is
shown in Figure 7, and the accepted values for each parameter are given in
Table 6. The model provided a close fit to the data for 140 and 225 °C while
performing an adequately fitting time-to-peak hardness at each temperature.
However, the model continued to poorly fit the low-temperature data, indicating
that a model utilizing two strengthening precipitates may better capture the age-
hardening response.

(a)
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115 °C
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140 °C
1565 °C m mH
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120 +

100

80
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Time (h)
120
m 170 °C
® 200°C
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100

80

Hardness (HV)

60 +

40 T T T T
107" 10° 10" 10? 10° 10* 10°
Time (h)

Figure 7.  The final optimized iteration of the predicted hardness based on the process
model compared with the measured data: (a) shows lower temperatures and (b) shows higher
temperatures. The solid-colored lines indicate the process model prediction for each
temperature.
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Table 6.  The accepted values for the process model after optimization.

Parameter Accepted
value
H; 15
H, 77.9
Q. (J/mol) 119,828
Ts (°C) 235
(So)znax (HVz) 69566
Os (J/mol) 4,331
P, (s/k) 2.75e-12
K 0.5

3.4 Process Model for Two Strengthening Precipitates

A new fitting of the peak-corrected time plot required selecting a transition
temperature between a low-temperature and high-temperature precipitate that is
assumed to dominate the hardening response. This temperature was approximately
140 °C, which was chosen for initial fitting of the activation energy based on
Figure 3. Thus, determination of Q. was performed with the low-temperature
regime assessed on data <140 °C, whereas the high-temperature regime was
assessed on data >140 °C. The data at 140 °C was considered part of the high-
temperature regime for further fitting of the process model. Linear-fitted data are
shown in Figure 8, where Q. was determined to be 190,348 and 75,304 J/mol for
the low-temperature and high-temperature regimes based on the evaluated slope.

12
Equation y=a+b*
114 Plot Ln tp/T
o
Weight No Weighting 115 °C l
10 Intercept -48.66388 + 12.1276 - /
9 Slope 22.89489 + 4.84227 /
7 |Residual Sum of Square 0.2881 / .
8 4 Pearson's r 0.97836 ’ﬁ 125 C
R-Square (COD) 0.95718 /
7 Adj. R-Square 0.91437 -'140 °C
—
& "
= o
i) 6 Equation y=a+b'x / 1 550 &
= Plot n tp/T /l'] 70 °C
= 59 [Weight No Weighting | ~—/
Intercept -14.89663 + 0.88476 / -
4+ Slope 9.05754 + 0.39632 /- 200 C
Residual Sum of Squares 0.05246 H 225 °C
34 Pearson's r 0.99714
2 R-Square (COD) 0.99429
Adj. R-Square 0.99239
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Figure 8.  The Arrhenius plot of the peak-corrected time for the calibration procedure with
two fitting regimes.
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Estimation of 7s for each regime is shown in Figure 9 via linear extrapolation,
where 75 was 457 and 577 K for the for the low- and high-temperature regime,
respectively. Values for (S,)2,,, of each regime were assumed be 10,000 VH? for

the low-temperature regime and 7,000 VH? for the high-temperature regime in the
first approximation. This enabled calculation of Qs at each temperature, as shown
in Table 7. The mean Qs was then calculated to generate initial hardness curves for

each aging temperature.
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Figure 9.  The first plot of (S,)? vs. aging temperature showing linear extrapolation of the

high- and low-temperature regimes to determine first estimation of 7.

Table 7.  Data for the initial evaluated parameters at various aging temperatures.

. T T Pp Sy (S0 0;
Regime o 2

0 (K) (/K) (HY) (my) (/mol)

Low temperature 115 388 947E-22 69.35 4809 16,026
125 398 4.74E-22  63.85 40767 15,809
140 431 3.13E-07 59.15 3498 8,369
155 428 3.90E-07 54.95 3019 7,779

High temperature 170 473 3.43E-07 49.75 2475 6,920
200 498 2.94E-07 44.15 1949 7,121
225 498 3.65E-07 42.65 1819 9,100
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The plot of the calculated (Sy)?3,,, versus aging temperature is shown in Figure 10
for the first estimation of the process model. The corresponding fit of the hardness
versus aging time data is shown in Figure 11, which shows that further tuning is
needed after the overaged hardness (described by Equation 6) is used in the process

model.

®  Data
Calculated High T/
—— Calculated Low T

So? (HV?)
3
8
1

T T T T T T
0 100 200 300 400 500 600 700
Temperature (K)

Figure 10. The plot of (Sy)* vs. aging temperature with the first calculated values of (Sp)?
using a low-temperature (red line) and high-temperature regime (black line).
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Figure 11. The first iteration of the predicted hardness based on two strengthening
precipitates where (a) shows lower temperatures and (b) shows higher temperatures. The
solid-colored lines indicate the process model prediction for each temperature.

The final plot of hardness versus aging time for the optimized process model is
shown in Figure 12, and the final accepted values for the derived parameters are
given in Tables 8 and 9. Inspection of the predicted hardness in Figure 12 shows
good agreement with the data, but it is not a perfect fit. This result is also shown in
Figure 13 with the plot of (So0)* versus aging temperature. Individual plots of the
predicted hardness versus measured hardness at each temperature are shown
Figure 14, which further reinforces adequate fitting of the data.
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Figure 12. (a,b) The optimized fit of hardness vs. aging time for the process model
incorporating two strengthening precipitates.

Table 8. Final data for the evaluated parameters at various aging temperatures for the
process model with two strengthening precipitates.

T T Pp So (Sa)i
O (K) (/K) (HY) @y)
115 388 261E-22 6643 4413
125 398 135E-22 43.73 1913
140 413 3.42E-07 35.62 1,269
155 428 4.25E-07 30.02 901
170 443 3.73E-07 2349 552
200 473 3.18E-07 1539 237
225 498 3.93E-07 1198 143
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Table 9. Final accepted values for various constants in the process model with two

strengthening precipitates.

Parameter Accepted value
H; 15 VH
H, 77.9 VH
0O, low temperature 194,500 J/mol
0O, high temperature 75,000 J/mol
Ts low temperature 130 °C
T high temperature 236 °C
O low temperature 78,141 J/mol
Qs high temperature 3,685 J/mol
(So)2.ax low temperature 7,475 HV?
(So)2.ax high temperature 6,411 HV?
P, low temperature 1.98 x 1072
P, high temperature 3.70 x 1077
k low temperature 0.62
k high temperature 0.50
11000
m  Data
10000 Calculated High T
9000 Calculated Low T
8000 |
& 7000 -
>
L 6000 -
@ 5000
4000 4
3000 |
2000 -|
1000 -
0 T T T T 1 T
0 100 200 300 400 500 600 700

Temperature (K)

Figure 13. The plot of (Sy)? vs. aging temperature with the first calculated values of (Sp)’
using a low-temperature (red line) and high-temperature regime (black line) for the process

model with two strengthening precipitates.
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Figure 14. Plots of the predicted hardness vs. measured hardness for each aging
temperature. The red line is a slope of 1.

3.5 Further Tuning of the Process Model with Two
Strengthening Precipitates

The low-temperature regime was further tuned by using the collected hardness data
at 105 °C. This was completed by allowing the solver function to calculate the time-
to-peak hardness and peak hardness. The accepted value for the time-to-peak
hardness was calculated to be 6,177 h with a peak hardness of 122 HV. The
accepted values for the low-temperature regime after final iteration are given in
Tables 10 and 11. Plots of the final calculated hardness versus time for the low-
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temperature regime are shown in Figure 15, and the fit of (So)’ versus aging

temperature in Figure 16 shows excellent agreement between the experimental data
and the calculated process model.

Table 10. Final data for the evaluated parameters in the low-temperature regime including
data for 105 °C.

T T Pp So (So)j
CO K K HY) @my)
105 378 4.23E-17 7728 5972
115 388 1.01E-16 60.73 3,688
125 398 3.78E-17 42.09 1,771

Table 11. Final accepted values for low-temperature constants in the process model after
including data from 105 °C.

Parameter Accepted value
H; 15 VH
H, 77.9 VH
0. low temperature 153,000 J/mol
Ts low temperature 131 °C
Oy low temperature 54,627 J/mol
(So)2.ax low temperature 7,606 HV?
P, low temperature 6.94 x 10717
k low temperature 0.47
140
® 105°C
e 115°C
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Figure 15. The optimized fit of hardness vs. aging time for the low-temperature regime after
including data for 105 °C.
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Figure 16. The plot of (Sy)? vs. aging temperature after including data for 105 °C for the low-
(red line) and high-temperature regime (black line).

4. Discussion

4.1 Contribution of Strengthening Components to Hardenability

With the final parameters of the process model established, several interesting
analyses and thought experiments can be performed. The contributions or solid-
solution strengthening and precipitate strengthening at each temperature can be
plotted and compared for their relative contributions to total hardness. A plot of the
solid-solution strengthening contribution and precipitation hardening as a function
of time is shown in Figure 17. Figure 17a shows that the contribution of Mg, Zn,
Cu, and any other elements to solid-solution strengthening is strong, contributing
approximately 63 HV in the as-quenched condition. This is mostly due to the high
concertation of Mg relative to Cu and Zn. The high-temperature regime displays a
modest decrease in the solid-solution strengthening contribution with time to the
overaged HV with 140 °C retaining approximately 88% of the as-quenched
hardness after reaching the equilibrium phase fraction of the high-temperature
precipitate. Meanwhile, the decrease in hardness in the low-temperature regime is
much more pronounced with 105 °C retaining 68% of the maximum solid-solution
strengthening hardness. This implies that the contribution of precipitates to the
overall hardness is strong in the low-temperature regime, which is reflected in
Figure 17b at 105 °C. At peak hardness for 105 °C, solid-solution strengthening
contributes 34% of the total hardening compared with 66% for precipitates. In
contrast, solid-solution strengthening contributes 54% of the total hardening
compared with 46% for precipitates at 140 °C, which demonstrates improved
balance in the strengthening mechanisms.
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Figure 17. (a) The change in solid-solution strengthening contribution to hardness with time
for each aging temperature and (b) the hardness contribution with time for strengthening
precipitates.

A semilogarithmic temperature—time—hardness (T-t-H) map for the total hardness
is shown in Figure 18. This surface plot predicts that a maximum hardness of
137 HV for 5180 is reached after approximately 30 years of aging at 70 °C. Further
overaging at 70 °C is very slow—a 5% decrease in hardness is predicted to occur
over the next 30 years. This demonstrates the excellent thermal stability of 5180
compared with the non-precipitation hardenable 5xxx series alloys such as 5083,
which can experience a >5% decrease in yield strength in as few as 28 days aging
at 70 °C in the H116 naval temper and after 7 days for the H131 armor temper.'*
Such mechanical degradation is linked to the precipitation and growth of the B-
AlsMg> phase, which not only decreases mechanical properties but also increases

22



susceptibility to intergranular corrosion attack, where the B-phase along grain
boundaries acts as strong local anodes to the a-matrix and increases susceptibility
to various forms of environmentally assisted cracking.!>!® This phenomenon,
which is commonly referred to as sensitization, has plagued naval assets with
detrimental cracking and costly repairs.!” However, the above comparison of 5180
aged at 70 °C to 5083 is not direct because 5180 produced by conventional
manufacturing will already be in the peak-aged condition that is not produced at
70 °C and 5083 contains cold work that can influence precipitation kinetics of the
B-phase. The peak-aged 5180 will be manufactured at higher temperatures due to
the slow-aging kinetics, which may cause a hardness increase at sensitization
temperatures below 100 °C as a greater volume fraction of metastable-
strengthening precipitates become thermodynamically available. At a minimum,
the mechanical properties would not be expected to change for years or decades at
typical sensitization temperatures of concern. This type of change can be predicted
using the framework of the process model with an additional time-dependent
calibration constant, which has been shown for thermal cycling and weld

simulations.®
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Figure 18. The T-t-H surface plot of total hardness for the optimized process model. Vertical
lines indicating 1 and 10 years of aging are given.

A T-t-H map for the contribution of solid-solution strengthening and precipitate
strengthening to the total hardness (as a percentage) is shown in Figure 19. This is
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a useful figure for designing heat treatment with the desired material properties
when used in coalition with the T-t-H map in Figure 18 to determine what the end
application may be. For example, it may be more useful to have an underaged alloy
in which the total strength is dominated more by the solid-solution strengthening
component and the equilibrium volume fraction of precipitates has not been
achieved. Furthermore, a certain type of precipitate could be favored based on aging
temperature if it is deemed more beneficial to selected material properties. In
general cases of an underaged alloy, the precipitates have a lower number density
and are generally smaller than those in the peak-aged condition. This would benefit
the corrosion behavior because detrimental pitting corrosion, stimulated by
precipitate formation, will be less prevalent and uniform corrosion attack may
occur, which reduces the likelihood of producing stress concentrators on the
exposed surface. An underaged alloy also implies the a-face-centered cubic (FCC)
matrix phase is still enriched with alloying elements compared with after the
equilibrium volume fraction of precipitates is formed, which can further benefit the
corrosion behavior depending on which elements are in solid solution and which
elements are forming the precipitates. If more electrochemically active elements
partition to the precipitates, the driving force for micro-galvanic corrosion will
increase as the precipitates become more anodic to the surrounding matrix. If more
noble elements partition to the precipitates, the driving force for micro-galvanic
corrosion will increase but with the a-FCC matrix being preferentially attacked. In
such cases, the effect of micro-galvanic corrosion should be minimized to improve
overall corrosion resistance.
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Figure 19. The T-t-H surface plots of solid-solution and precipitate strengthening (as a
percentage) to total hardness for the optimized process model of 5180.

If one considers an overaged alloy with an equivalent contribution of solid-solution
strengthening, the volume fraction of precipitate will be greater than in the
underaged and peak-aged states because the precipitate has reached the maximum
volume fraction possible, but the number density of precipitates will be less than
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that of peak age, which may favor increases in ductility as dislocation movement
by Orowan looping becomes more facile. However, the corrosion attack mode may
switch to the detrimental intergranular attack noted with traditional 5XXX series
alloys as the anodic t-phase precipitates grow along grain boundaries and act as
local galvanic cells and lead to selective dissolution of t-phase to create stress
concentrators. Like pitting corrosion, this effect needs to be minimized, but the
advantage of an overaged alloy is its microstructural stability (as discussed above).
Thus, balancing the electrochemical properties of the a-FCC matrix phase and
precipitates through heat treatment becomes an important challenge.

The standard oxidation-reduction potential (£°) for the primary alloying elements
in 5180 is given in Table 12 where Cu is the most noble (positive) element and Mg
is the most active (negative) element. The equilibrium t-phase has a chemical
structure of Mg32(Al, Zn, Cu)49 where Al, Zn, and Cu have substitutional occupancy
in the lattice. Note that the metastable variants of t-phase, which provide the
precipitate strengthening, do not have the same chemical composition as
equilibrium t-phase; however, they have proximate compositions that may be more
concentrated in the solute elements Mg, Cu, and Zn. The equilibrium t-phase is
composed of approximately 40 at% Mg, which signifies that the contribution of Mg
to the electrochemical potential will be strong, especially given that it is 0.71 V
more active than Al. In contrast, Cu has a sizeable difference in electrochemical
potential compared with Al because it is approximately 2 V more noble, which
indicates that the amount of Cu in the alloy is important because small amounts
may make large contributions to the electrochemical potential. Finally, Zn has a
standard oxidation-reduction potential 0.9 V more noble than Al, which indicates
that it may modify the electrochemical potential similarly to Mg except in the
positive direction.

However, the corrosion potential is kinetic and governed by the voltage—current
relationship of the alloy with the oxidation and reduction reactions occurring on the
alloy surface. Predicting kinetic behavior as a function of alloying content is
nontrivial and experimental data is useful. To illustrate this point, recent research
by the U.S. Army Combat Capabilities Development Command Army Research
Laboratory has shown more than a 100-mV increase in the open-circuit potential of
crossover alloys with a 0.2 at% (=0.45 wt%) increase in Cu concentration, whereas
a 2 at% (=2 wt%) increase in the Mg concentration led to only a 25-mV decrease
in the corrosion potential when accompanied by a 0.5 at% (=1.2 wt%) at an
equivalent Cu concentration.?® This suggests that Cu is a strong electrochemical
tuning knob for crossover alloys because the corrosion potential of Cu-free,
equilibrium Mg32Als9 T-phase has been measured at approximately 200 mV more
anodic than 99.9999% pure AL>!
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Table 12. The standard oxidation-reduction potentials of the main alloying elements of
5180.%2

Reaction E° 4'vs. Al
(Vvs. SHE) (V vs. SHE)
Cu**+2¢” — Cu +0.342 +2.004
Zn*" +2e — Zn —0.762 +0.9
AP*+3e — Al -1.662 .
Mg> +2e >Mg 2372 -0.71

4.2 Validity of the Process Model

The previous discussion has illustrated the usefulness of process maps that can be
generated from the Shercliff and Ashby™° process model. However, there are
several components to the model that need to be discussed further. The process
model is only as good as the data that is used to calibrate the model, and only one
heat treatment of 5180 was used. Additional testing to provide a statistically
validated dataset would bring more confidence in the process model fit and may
improve fitting of the data. A major issue with crossover alloys is the slow
precipitation kinetics that possesses a paucity of low-temperature data relevant to
making predictions to sensitization at temperatures below 100 °C. Values that are
forecast by the process model in the temperature regime below 100 °C relies on the
assumption that there are no other strengthening phenomena that may be dominant
and the current calibration of the low-temperature precipitate is valid. Iterations of
the low-temperature regime have already shown how different the final calibrated
values can change when iterated with (Table 11) and without (Table 9) the hardness
data at 105 °C. The greatest differences occurred when comparing the volume
activation energy for diffusion (Q.), enthalpy of solution (Qs), and the peak
corrected time value Py, which is dependent on Q. via Equation 8. These properties
are discussed in further detail (see paragraph below) regarding their importance to
fitting the hardness data and tradeoff with other fitting parameters.

The value for Q. was primarily determined by the Arrhenius relationship between
aging temperature and time-to-peak hardness. The final values used in the
calibration procedure were intentionally kept near to the fit value of the slope to
remain physically justified. However, fitting of the hardness curves can be
improved by allowing this value to vary freely during fitting. Decreases to the value
of Q. led to flattening of the predicted hardness curves, which improved fitting of
overaged data because it did not show a symmetric response to hardness data at
times before peak hardness. However, the optimized value of Q. was approximately
120,000 J/mol lower than the value determined from Arrhenius fitting and deemed
not valid. Comparison of the final Q. determined for 5180 (153 kJ/mol) in the low-
temperature regime shows that it is approximately 30 kJ/mol higher than the
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accepted values for binary solutions of Mg and Zn in FCC-Al (Table 13), but it is
within the range of typical values for solute in FCC-Al. A comparison with Qu
derived for Al-Cu and Al-Mg-Si alloys using process models (Table 14) reveals a
similar discrepancy that suggests potential complex diffusion interaction within
FCC-Al matrix. However, the change in slope at higher-aging temperatures
suggests deviation in the mechanism governing precipitation that may be due to
competitive formation and dissolution of metastable-strengthening precipitates.?’

Table 13. The activation energy for volume diffusion (Q.) of relevant elements in FCC-Al

Element & J/QI:ml) Reference
Cu 1339 24
Si 117.6 24
Mn 211.5 24
Mg 120.5 4
Zn 116.1 2

Table 14. The activation energy for volume diffusion (Q.) determined in various alloy
systems using process models.

Alloy Oa

Alloy type (kJ/mol) Reference
Al-2.0Cu  Al-Cu 128 5
Al-3.0Cu  Al-Cu 128 >
Al-3.5Cu  Al-Cu 128 >
Al-4.0Cu  Al-Cu 128 3
Al-4.5Cu  Al-Cu 128 5

6061 Al-Mg-Si 145 5

6082 Al-Mg-Si 130 5

6063 Al-Mg-Si  124.6 low B

6063 Al-Mg-Si 62 high B

Like Qu, decreases in Qs can lead to the flattening of the total aging curve to better
fit the measured data. Decreases in Qs require an increase in (Sy)%,,, to fit the data
(as related by Equation 9). However, unconstrained optimization of these two
parameters for the high-temperature regime resulted in values of Qs on the order of
10-300 J with values of (Sy)2,4, in the hundreds of thousands (i.e., (So)max = 300—
700 HV), which is extremely unrealistic for an aluminum alloy. Generally accepted
values of Qs from the COST 507 database for individual elements in FCC-Al (given
in Table 15) show that the expected value for 5180 would be similar to that of Mg
and Zn, ranging from 1 to 10 kJ/mol. However, comparison of the values in Table
15 to derived values from the process model in Table 16 show a deviation that has
not been explained in other works.>? In contrast to Qs, determination of the solvus
temperature from the plot of (So)* versus aging temperature is more robust because
variation of the temperature was more limited in the iterative-fitting procedure.
Other studies on 6XXX series alloys have shown good agreement for the solvus
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temperatures derived from the process model to transformation temperatures
detected using differential scanning calorimetry.?> Phase transformations detected
on similar 5/7-crossover alloys have shown endothermic reactions occurring in the
ranges of 110-130, 180-220, and 240-250 °C, indicating ranges of potential solvus
temperatures.’® Based on these endotherms and exothermic reaction in other
studies,?”?® age hardening in the low-temperature regime is attributed to “GPIl/t”
precipitates, which are sphere-like, whereas the high-temperature regime is likely
“7” precipitates, which are lathe- or rod-like. As such, other process or strength
models need to be explored to confirm or invalidate the predictions made in this
work. It is hypothesized that the process model can be improved when considering
the shape of precipitates, which were assumed as spherical for this process model.
Further improvements can be made when not assuming the age-hardening response
is symmetrically distributed, by considering the fraction and interparticle spacing
of precipitates and grain-boundary strengthening. Finally, the simultaneous
contribution of multiple precipitates to the mechanical response needs to be
considered, which will likely improve fitting near the transition temperature.

Table 15. The solution-free energy (Qs) of relevant elements in FCC-AL

0Os

Element (kJ/mol) Reference
Cu -53.52 29
Si -3.144 29
Mn -69.3 29
Mg 4.971 »
Zn 7.297 29

Table 16. The solution-free energy (Qs) determined in various alloy systems using process
models.

6061 Al-Mg-Si 30
6082 Al-Mg-Si 30

Alloy Alloy type (k J/Qnslol) Reference
Al-2.0Cu Al-Cu 25 5
Al-3.0Cu Al-Cu 25 5
Al-3.5Cu Al-Cu 25 5
Al-4.0Cu Al-Cu 25 5
Al-4.5Cu Al-Cu 25 5

5
5
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5.

Conclusions

This report documents the first reported process model of crossover 5xxx series

aluminum alloy 5180. The following can be concluded:

The process model proposed by Shercliff and Ashby>¢ provided a good fit
to the experimental data with a high- and low-temperature strengthening
precipitate, suggesting that two metastable precipitates are responsible for
the precipitation-hardening response.

Fitting the hardening response of the low-temperature precipitate was
difficult due to lack of a defined time-to-peak age, which decreases
confidence in the fit and projection of data below 115 °C.

An examination of the solid-solution and precipitate strengthening
components as a function of time and temperature has provided new insights
to optimize the heat treatment of 5180.

A prediction of the change in hardness at temperatures below 100 °C
revealed greatly improved thermal stability compared with conventional
5XXX series alloys such as 5083, assuming that low-temperature fitting
with the process model is valid.
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List of Symbols, Abbreviations, and Acronyms

AA
Al
ASTM
Bal
CAMI
Cr

Cu
FCC
Fe
GRG
Hi
AHpp:
HRB
AH;s
AH;g
AHg;

AHss,oa

Aluminum Alloy

Aluminum

American Society for Testing and Materials
Balance

Coated Abrasive Manufacturer’s Institute
Chromium

Copper

Face-Centered Cubic

[ron

Generalized Reduced Gradient

Intrinsic Hardness

Change in Precipitate Hardness

Hardness Rockwell B

Change in Solid-Solution Hardness

Final Solid-Solution Strengthening Contribution

Initial Solid-Solution Strengthening Hardening Contribution
after Quenching

Solid-Solution Strengthening Overaged Hardness
Vickers Hardness Value

Solid-Solution Time Constant

Kilogram Force

Magnesium

Manganese

Nickel

Temperature-Corrected Time

Value of P at the Peak in the Aging Curve
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Qu Activation Energy for Volume Diffusion of Atoms in the Matrix

Os Solvus Enthalpy

R Ideal Gas Constant

Sc Scandium

SE Squared Error

SHE Standard Hydrogen Electrode

Si Silicon

SiC Silicon Carbide

So Precipitate Strength

(So)max Strength Parameter

t Time

T Isothermal Aging Temperature

t1 Constant Related to the Time-to-Peak Hardness
TEM Transmission Electron Microscopy
Ti Titanium

tp Time-to-Peak Hardness

T Metastable Solvus Temperature
T-t-H Temperature—Time—Hardness

VH Vickers Hardness

Zn Zinc

Zr Zirconium
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