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Abstract

Effects of Mg and Cu content on quench sensitivity of Al–Si–
Mg-based cast alloys were investigated. Jominy end-quench
test was performed to evaluate the quench sensitivity of Al–
Si–Mg and Al–Si–Mg–Cu-based alloys. It was observed that
the quench sensitivity of Al–Si–Mg alloy rises with the
increase in Mg content. In general, quench factor values rise
with the increase in distance away from the chill end of
Jominy end-quench test bar. This is because the precipita-
tion rate of strengthening particles increases with the
increase in the concentration of quenched-in vacancy. The
concentration of quenched-in vacancy declines with the
decrease in cooling rate away from the chill end of test bar.
The maximum quench factor value of Al–Si–0.57Mg alloy is
144.8, whereas those of Al–Si–0.35Mg and Al–Si–0.45Mg
alloys are 38.5 and 34.8, respectively. This is in contrast to
the quench factor values obtained in Al–Si–Mg alloy

containing 0.8 %Cu. Results show that an addition of 0.8 %
Cu to Al–Si–Mg alloy significantly reduces the quench
sensitivity of the alloy. Quench factor values of Al–Si–Mg–
0.8Cu alloy are in the range of 1–16. No significant
reduction in the quench factor is observed on addition of
0.23 and 0.50 wt% of Cu to Al–Si–Mg alloy. Simulation
results show that Guinier–Preston (GP) zones form in the Al
matrix when the amount of Cu in the Al–Si–Mg alloy
exceeds 0.57 wt% during the natural aging subsequent to
quenching. These GP zones are well-known heterogeneous
sites for nucleation of precipitates and are responsible for
reducing quench sensitivity of the Al–Si–Mg–0.8Cu alloy.

Keywords: Jominy quench, heat treatment, Al–Si–Mg (Cu)
alloy, quench sensitivity, magnesium, copper

Introduction

The Al–Si–Mg-based cast alloys are widely used in the

automotive industry due to their good castability, good

fatigue strength, and high strength to weight ratio.1 In Al–

Si–Mg alloys, Mg combines with Si to form various

metastable phases (MgxSiy) and stable Mg2Si phase during

aging treatment. Precipitation of semi-coherent MgxSiy
metastable phases in Al–Mg–Si alloys makes them heat

treatable.2,3 In general, these alloys are heat-treated to T6

temper. The T6 temper comprises of solution heat treat-

ment at a temperature around 540 �C (1004 �F), quench-

ing, and artificial aging at a temperature between 150 and

200 �C (302–392 �F).4,5 Solution heat treatment increases

ductility and strength of the cast alloy. The increase in

ductility is due to the spheroidization of eutectic Si

particles, while the increase in strength is due to solid

solution strengthening of Al matrix. The quenching process

helps to retain solutes and vacancy complexes in the Al

matrix. Vacancies are point defect with unoccupied lattice

sites. The distribution of such defects in as-quenched state

is in the form of complexes. The retention of vacancy

complexes is very important, as it plays a key role on the

kinetics of precipitation of phase(s) during subsequent

aging treatment.

It is reported that the aging kinetics depends on several

factors.6–9 Among them, the most important factors are: (1)

vacancy concentration and (2) Guinier–Preston (GP) zones

formation. A GP zone is a solute-enriched region in the

alloy, and its size is in the order of few nanometers. In Al–

Si–Mg alloy, GP zones constitute of Mg and Si as solute
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atoms, whereas in Al–Si–Mg–Cu alloy, GP zones consti-

tute of Mg, Si, and Cu as solute atoms. In addition, aging

kinetics also depends on some extrinsic parameters such as

aging temperature and heating rate, and intrinsic parame-

ters such as diffusivity and activation energy. It is reported

that high vacancy concentration in Al matrix increases

diffusivity of alloying elements and therefore increases

precipitation rate.6 In general, vacancy concentration in Al

matrix is high when it is quenched at higher cooling rate.

In most commercial applications, water is used as the

quenchant because of the following reasons: high cooling

rates, no environmental issues, and low operating cost.

However, the use of water as a quenchant often causes dis-

tortion and generates undesirable residual stresses in com-

plicated shaped parts that often limit water’s usage to those

applications that are less sensitive to structural deformation.

Therefore, there is great impetus to search for an alternate

quenchant that has the potential to overcome problems such

as structural deformation and residual stresses, which is

commonly observed in water-quenched components. The

ideal situation would be elimination of the quenching step

without compromising strength and ductility.

It is widely reported10 that Al–Si–Mg-based cast alloys are

highly sensitive to cooling rate during the quenching pro-

cess. In other words, mechanical properties such as hard-

ness and tensile strength decrease significantly on reducing

cooling rates during quenching. These alloys are generally

quenched in water to achieve desired combination of

strength and ductility. This limits their applicability only to

situations with less stringent structural integrity require-

ments, and where residual stress is not of paramount

importance. Therefore, there is a need to redesign alloy to

reduce its quench sensitivity. In this study, effects of Mg

and Cu content on quench sensitivity of Al–Si-based alloys

were investigated. The objective of this study is to tailor

the chemical composition of Al–Si–Mg-based cast alloys

to make them less quench sensitive and determine the

optimum composition to achieve the same.

Experimental Methods

Casting of Test Bar

Alloys, namely Al–Si–Mg and Al–Si–Mg–Cu, with vary-

ing amounts of Mg and Cu were cast in a permanent mold.

The alloy was prepared by melting Al in an induction

furnace, and the calculated amount of master alloys,

namely Al–Si, Al–Mg, Al–Sr, and Al–Cu, was added to the

melt. The alloy was cast in the form of cylindrical bars in a

permanent mold preheated to 425 �C (797 �F). Prior to

casting, the melt was degassed by passing nitrogen through

the melt using a rotary degasser. The pouring temperature

of the melt was 800 �C (1472 �F). The dimension of the

cylindrical bar was 25 mm in diameter and 230 mm in

height. For Jominy end-quench test, each bar was cut into

two halves. Melt chemistry was routinely monitored using

an optical emission spectrometer during the casting pro-

cess. Alloy chemistries reported are an average of at least

five measurements.

Heat Treatment and Jominy End-Quench Test

The quench sensitivity study was carried out following the

Jominy end-quench test.11 The Jominy quench test basi-

cally consists of cooling cast bars from one end by a water

quenching device suitable to provide a vertical stream of

water. The water pressure was adjusted so that the stream

of water rises to a free height of about 64 mm above the

orifice without the specimen in position. Then, the heated

specimen was placed so that its bottom face was 12 mm

above the orifice. The time between removal of specimen

from the furnace and beginning of quench was less than

5 s. A still-air condition was maintained around the spec-

imen. Jominy end-quench set up is shown in Figure 1.

Detailed description of Jominy end-quench test is given in

ASTM designation A255-02. Alloys were solutionized at

538 �C (1000 �F) for 6 h in a tubular furnace prior to the

Jominy end-quench test. Subsequently, after the Jominy

end-quench test, alloys were aged at 175 �C (347 �F) for

5 h. The incubation time between solution heat treatment

and aging was 48 h.

Thermal Analysis

The cooling profile of the test bar was monitored using

K-type thermocouples placed at different locations in the

test bar. Holes were drilled on the test bar, and thermo-

couples were inserted in it. Care was taken to ensure that

Figure 1. Jominy quench setup. The sample was con-
nected to four thermocouples at four locations (Tc1, Tc2,
Tc3, and Tc4 shown in the figure).
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during the Jominy end-quench test water did not penetrate

into the hole and the thermocouple was rigidly held in the

test bar. Data was acquired at a frequency of 10 readings

per second using a data acquisition system.

Microstructural Characterization

Microstructural characterization of T6 tempered alloys was

carried out using a scanning electron microscope (SEM).

Phases were identified by energy-dispersive X-ray analysis.

Samples for microscopy were prepared by grinding with

emery paper and electropolishing at 35 V for 20 s. The

composition of the electrolyte (in volume percent) was 60

pct ethyl alcohol, 20 pct perchloric acid, and 20 pct ethy-

lene glycol.

Hardness Measurement

Rockwell hardness (RB) was measured at different loca-

tions on the test bar. The surface of the cylindrical bar was

flattened before the test. Four measurements were taken at

each distance away from the chill end, and the average

value is reported.

Results and Discussion

Thermal Analysis

Cooling curves and their first derivatives obtained from

Jominy quench test of a cylindrical bar at different loca-

tions away from the chill end are shown in Figure 2a, b,

respectively. As expected, the cooling rate decreases with

an increase in the distance away from the quench end. The

chill end undergoes maximum cooling rate. The variation

of cooling rate with temperature typically exhibits an

inverse ‘‘C’’ curve, which implies that the cooling rate

increases in the beginning of the quench and is followed by

a gradual decrease at a later stage. The maximum cooling

rate at a distance of 3 mm away from the chill end is

107 �C/s (192.6 �F/s).

Effect of Mg Content on Quench Sensitivity
of Al–Si–Mg Alloy

The chemical composition of various Al–Si–Mg alloys is

given in Table 1. The Mg content in the Al–Si–Mg alloy

was varied to 0.35, 0.45, and 0.56 wt%, respectively. The

amount of Si in these alloys is around 7 wt%. In addition,

alloys contain other alloying elements such as Sr as mod-

ifier, Ti as grain refiner, and Fe as an impurity element. The

amount of Ti is considered as quite high in these alloys.

This level of Ti has been observed to delay aging kinetics

in 356/357 alloys.15

Results of the Jominy end-quench test on Al–Si–Mg alloys

containing different amounts of Mg are shown in Fig-

ure 3a, b. Figure 3a shows the variation in hardness with

distance away from the chill end of the Jominy quench test

bar, and their respective variations in quench factor are

shown in Figure 3b. As expected, hardness decreases with

an increase in the distance away from the chill end and

consequently results in high quench factor values at loca-

tions away from the chill end. Similar observations were

made by Pedersen et al.10, where they reported that after

solution heat treatment tensile strength of the Al–Si–Mg

(A356) alloy was less at low quench rate. The quench

factor (s) is calculated for any location on the Jominy end-

quench bar from hardness measurements using Eqn. 1:12

s ¼ 1

Kn
ln

HVN

Hmax

� �
Eqn: 1

where s is the quench factor, HVN is the hardness at a

specific location on the Jominy end-quench bar, Hmax is the

maximum hardness, Kn is taken to be the value of

ln(0.995).

Highest quench factor values for alloy containing 0.35,

0.45, and 0.57 wt% of Mg are 38.5, 34.8, and 144.8,

respectively. No significant difference is observed between

quench factor values of alloy containing 0.35 and

0.45 wt% of Mg. However, the alloy containing 0.57 wt%

of Mg shows very high quench factor values as compared

to those containing 0.35 and 0.45 wt% of Mg. This implies

that high Mg content (0.57 wt%) in the Al–Si–Mg alloy

makes it more sensitive to cooling rate.

As expected, hardness rises with increasing amounts of Mg

in Al–Si–Mg alloys. This is because the amount of

strengthening phases such as metastable b’, b’’, and B’ and

stable Mg2Si precipitates formed in the Al–Si–Mg alloy is

greater in alloys with higher Mg content. Thermodynamic

simulation results using JMatProTM software show that the

amount of Mg2Si phase formed in the Al–7Si–xMg alloy

containing 0.3, 0.45, and 0.57 wt% of Mg are 0.55, 0.71,

and 0.88 wt%, respectively. It is well known that

metastable b’, b’’, and B’ and stable Mg2Si precipitates in

Al–Si–Mg alloys cause precipitation strengthening. Simu-

lation results of Al–7Si–xMg alloy that was solutionized at

540 �C (1004 �F), quenched, and aged at 175 �C (347 �F)

for 5 and 28 h are given in Table 2. As is evident from data

in Table 2, the amount of Mg2Si phase formed in the Al–

7Si–xMg alloy after heat treatment is greater in the alloy

with high Mg content. Strength of the alloy increases with

an increase in the amount of precipitate formed during

aging in the matrix. In general, aging of Al–7Si–xMg alloy

results in the formation of metastable phases such as b’,

b’’, and B’ in the early stage of aging and Mg2Si as

stable phase during later stage of aging. It has been

reported that peak hardness during aging of Al–7Si–xMg

alloy is achieved due to the precipitation of semi-coherent

metastable phases such b’, b’’, and B’.14 Therefore, it is
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expected that the Al matrix will consist of combination of

stable Mg2Si phase and metastable phases such as b’, b’’,

and B’ after aging for 5 h at 175 �C (347 �F).

Effect of Cu Content on Quench Sensitivity
of Al–Si–Mg Alloy

Chemical compositions of Al–Si–Mg–Cu alloy containing

different levels of Cu and Mg are given in Table 3. Results

from hardness test on heat-treated A356 (Al–Si–Mg) alloy

and those containing 0.2, 0.5, and 0.8 wt% of Cu are shown

in Figure 4a, b. As expected, the average hardness of the

alloy rises with increasing Cu content. In general, the

hardness of the alloy with Cu content less than 0.8 wt%

decreases with the increase in distance away from the chill

end of the Jominy quench bar. In case of the alloy with no

Cu (i.e., A356 alloy), the difference of hardness between

Figure 2. (a) Cooling curves and their (b) first derivatives obtained from a Jominy
end-quench test. Distance shown in the legend of the figure (i.e., 3, 25, 57, and
89 mm) is the distance away from the chill end of the bar.

Table 1. Chemical Composition of Al–Si–Mg Alloys
(Varying Mg Content)

Alloy Si Fe Mg Ti Sr Al

A356 7.26 0.12 0.35 0.17 0.009 Balance

7.06 0.083 0.45 0.177 0.011 Balance

A357 6.95 0.097 0.56 0.172 0.013 Balance
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the chill end and those away from the chill end is signifi-

cantly large. Similar observations are made on alloys

containing 0.2 and 0.5 wt% of Cu. On the contrary, the

decrease in hardness of A356–0.8Cu alloy moving away

from the chill end is marginal. This is reflected on rela-

tively lower quench factor values of A356–0.8Cu alloy as

compared to other alloys, namely A356, A356–0.2Cu, and

A356–0.5Cu. Variations in quench factor for Al–Si–Mg

alloys containing different levels of Cu are shown in

Figure 4b. Quench factor values at distances between 25

and 100 mm away from the chill end of Al–0.45Mg–0.8Cu

alloy test bar are lowest and they varied in the range of

10–16, whereas quench factor values of A356 alloy varied

in the range of 30–40.

It is clear that Al–Si–Mg–0.8Cu alloys (containing 0.35

and 0.45 wt% of Mg) are least quench sensitive as com-

pared to A356, A356–0.2Cu, and A356–0.5Cu alloys. No

significant difference was observed between quench factor

values of Al–Si–Mg alloy and those containing 0.2 and
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Figure 3. Variations in (a) hardness and (b) quench
factor with distance away from the chill end of Jominy
quenched bars of Al–Si–Mg alloys. Each alloy was aged
at 175 �C (347 �F) for 5 h subsequent to Jominy end-
quench test.

Table 2. Amount of Mg2Si Formed After Heat Treatment
[i.e., Solutionized at 540 �C (1004 �F), Quenched, and
Aged at 175 �C (347 �F) for 5 and 29 h] in Al–7Si–xMg

Alloy

Alloy Atomic % of Mg2Si

Aging time = 4.9 h Aging time = 27.9 h

Al–7Si–0.35Mg 0.13 0.45

Al–7Si–0.45Mg 0.18 0.59

Al–7Si–0.56Mg 0.22 0.72

Table 3. Chemical Compositions of Al–Si–Mg Alloys
(Varying Cu Content)

Si Fe Cu Mg Ti Sr Al

7.26 0.12 0.011 0.34 0.099 0.009 Balance

7.13 0.123 0.23 0.34 0.099 0.009 Balance

6.79 0.12 0.50 0.33 0.1 0.008 Balance

7.0 0.118 0.83 0.35 0.155 0.011 Balance

7.4 0.094 0.83 0.45 0.19 0.014 Balance
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Figure 4. Variations in (a) hardness and (b) quench
factor with distance away from the chill end of Jominy
quenched bars of Al–Si–Mg–Cu alloys.
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0.5 wt % of Cu. The reduction in quench sensitivity of Al–

Si–Mg–0.8Cu alloy is attributed to the uniform precipita-

tion of Q phase, which is the primary strengthening phase

in this alloy. The Q phase nucleates on GP zones that

formed during the natural aging stage. Quench sensitivity

results are explained from simulated TTT diagrams and

microstructural examination discussed below in Sects. ‘‘Sim-

ulation of time–temperature transformation (TTT) diagrams’’

and ‘‘Microstructural observations.’’

Simulation of Time–Temperature
Transformation (TTT) Diagrams

To understand the role of Cu on quench sensitivity of the

Al–Si–Mg (Cu) alloy, TTT diagrams were simulated using

JMatPro� software. Saunders et al.13 have reported good

accuracy to predict TTT diagrams of some generalized

steels using the software. However, reports on experi-

mental validation of such calculations are limited to steels,

and not much information is available on Al alloys. The

TTT diagrams of A356 and A356–0.8Cu alloy are shown

in Figure 5a, b, respectively. One clear difference between

them is the presence of GP zones in the TTT diagram of

A356–0.8Cu alloy, while it is absent in the TTT diagram of

A356 alloy (Figure 5a). These GP zones are well-known

heterogeneous sites for nucleation of precipitates during

aging of the alloy. The reduced quench sensitivity of

A356–0.8Cu alloy as compared to those of A356,

A356–0.2Cu, and A356–0.5Cu alloys is attributed to the

formation of GP zones in the former (i.e., A356–0.8Cu),

whereas no GP zones form in latter cases (i.e., A356,

A356–0.2Cu, and A356–0.5Cu) during the incubation time

subsequent to quenching after solution heat treatment.

Simulation results have shown that GP zones form only

when the Cu content in the A356 alloy is greater than

0.57 % by weight. The kinetics of GP zone formation at

50 �C (122 �F) and 25 �C (77 �F) in the A356–0.8Cu alloy

are shown in Figure 6a, b, respectively. In both cases, the

selected solutionizing temperature was 500 �C (932 �F).

Simulation results show that the kinetics of GP zone for-

mation is faster at 50 �C vis-à-vis at 25 �C. The amount of

GP zones formed at 50 �C (122 �F) and at 25 �C (77 �F)

are 0.6 and 0.38 at.%, respectively. Times required for the

formation of 0.6 at.% of GP zones at 50 �C (122 �F) and

0.38 at.% of GP zones at 25 �C (77 �F) are 2 and 20 h,

respectively. Therefore, it is recommended that the alloy

(A356–0.8Cu) should be naturally aged for minimum of

20 h at room temperature [i.e., 25 �C (77 �F)] or pre-aged

for 2 h at 50 �C (122 �F) to benefit from the GP zone

formation. The GP zones help to enhance overall aging

Figure 5. TTT diagram of (a) A356 (Al–7Si–0.2Fe–
0.35Mg–0.15Ti–0.01Sr) alloy, (b) A356–0.8Cu alloy.

Figure 6. Kinetics of GP zone formation at (a) 50 �C and
(b) 25 �C holding temperatures. In both cases, the
solutionizing temperature is 500 �C and the alloy is
A356(0.35Mg)–0.8Cu.
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kinetics of the alloy and consequently reduce the quench

sensitivity of the alloy.

In addition to Mg2Si as equilibrium phase, the simulation

results show the presence of metastable phases such as b’

(BETA_PRIME) and b’’ (BETA’’), and B’ (B-PRIME). The

stoichiometry and nomenclature of these metastable phases

are reported by Edwards et al.16 It is clearly evident from

simulated results that metastable phases form in the initial

stage of aging treatment (i.e., under aging and peak aging

conditions) and equilibrium phase (i.e., Mg2Si) forms at the

later stage of aging treatment (i.e., overaging condition). The

A356 alloy is hardened primarily by semi-coherent MgxSiy
metastable phases (such as metastable b’, b’’, and B’).17 The

ratio of Mg:Si in these metastable phases is close to 1:1.

Microstructural Observations

The effect of cooling rate on microstructure of A356 and

A356–0.8Cu alloys is shown in Figures 7a, b and 8a, b,

respectively. The near-end refers to the high cooling rate

region, while the far-end refers to the low cooling rate

region. In case of A356 alloy, the precipitating phase

consists of combination of MgxSiy as metastable phases

and thermodynamically stable Mg2Si phase,14 whereas in

the case of A356–0.8Cu alloy, the precipitating phase is

Al5Cu2Mg8Si6. Microstructural observations clearly reveal

that in the case of A356 alloy, the number density of Mg–

Si precipitates in the near-end region is greater than far

away region from the chill. This accounts for the high

hardness in the near chill end as compared to those far

Figure 7. SEM micrographs of A356 alloy (T6) (a) Far
away from the chill end (3.500), and (b) Near to the chill
end (0.2500) of the Jominy quenched test bars. Subse-
quent to Jominy end-quench test, the sample was aged
at 175 �C for 5 h.

Figure 8. SEM micrographs of A356-0.8Cu alloy (T6)
(a) Far away from the chill end (3.500), and (b) Near chill
end (0.2500) of the Jominy quenched test bar. Subsequent
to Jominy end-quench test, the sample was aged at
175 �C for 5 h.
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away from the chill end. On the contrary, the number

density of Al5Cu2Mg8Si6 precipitates in A356–0.8Cu

alloy does not vary significantly with distances away from

the chill end. The uniform distribution of precipitates in

A356–0.8Cu alloy resulted in reduced values of quench

factor as discussed above, and hence, the alloy is less

quench sensitive.

Conclusions

• Quench sensitivity of Al–Si–Mg cast alloys

depends on the amount of Mg. It is observed that

quench sensitivity of Al–Si–Mg alloy increases

with the increase in the amount of Mg. The

maximum quench factor (s) value observed in Al–

Si–0.57Mg alloy is 145, which is significantly

high as compared to Al–Si–0.35Mg (s = 38) and

Al–Si–0.45Mg (s = 35) alloys.

• Addition of 0.8 wt% of Cu to A356 significantly

lowers its quench sensitivity. The maximum

quench factor value of Al–Si–0.45Mg–0.8Cu

alloy is 16, which is the least value among all

other alloys. This shows that Al–Si–0.45Mg–

0.8Cu alloy is the least quench sensitive.

• The precipitation rate of metastable MgxSiy and

thermodynamically stable Mg2Si precipitates in

A356 alloy decreases with decreasing quench

rates. On the contrary, the precipitation rate of

Al5Cu2Mg8Si6 in Al–Si–Mg–Cu alloy is relatively

independent of cooling rate during quenching

after solution heat treatment.

• Simulation results show that the addition of Cu in

excess of 0.57 wt% to Al–Si–Mg alloy forms GP

zones; these GP zones are heterogeneous sites for

nucleation of precipitates and reduce the quench

sensitivity of the alloy.

• Simulation results show that it takes about 20 h

for the GP zones to form at room temperature

[i.e., 25 �C (77 �F)] in Al–Si–Mg–0.8Cu alloy

during incubation time after solution heat treat-

ment. Therefore, it is recommended that the

alloy containing 0.8 wt% of Cu should be

naturally aged for a minimum period of 20 h

prior to aging to increase the aging kinetics of

the alloy.
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Reviewer: Regarding precipitation hardening; while it is

generally correct to refer to the Mg–Si precipitation

hardening system as Mg2Si based, the maximum hardness

is generally achieved in the semi-coherent Beta prime and

Beta double prime region. By the time the end-stage

incoherent Mg2Si particles reach dominance you are in the

over-aged and softened region of the aging curve. So we

must be careful referring to the precipitates you see in the

Al–Si–Mg alloys as all being Mg2Si in the T6 temper.

Authors: Agreed. The precipitation sequence is discussed
in the revised manuscript. The reviewer is right that
metastable phases such as beta prime, beta double prime,
B-prime contribute significantly to peak hardening condi-
tion. After 5 hours of aging, it is expected that the matrix
w i l l c o n s i s t o f c o m b i n a t i o n o f s t a b l e a n d
metastable phases.

Reviewer: What is the difference between Beta, B_Prime

and Beta_Prime?

Authors: Beta, B_Prime and Beta_prime are
metastable phases formed during the initial stage of
precipitation with Mg:Si ratio close to 1:1 and the
nomenclature was used by Edwards etal. This has been
discussed and referenced in greater detail in the revised
paper.

Reviewer: You state that GP zones do not form in A356

alloy. My understanding is that there is a sequence of

reactions during aging. Precipitation starts with the forma-

tion of spherical GP zones from the supersaturated solid

solution (Alss). These quickly elongate into the direction of
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not form during the natural aging of A356 alloy subsequent
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stable precipitates at the later stage (i.e. overaging).
However, the simulation result from JMatPro showed that
GP zones do not form in A356 alloy irrespective of holding
time after quenching from solutionizing temperature. Sim-
ilar observations have been reported by Saunder and
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comment on the evolution metastable and stable precipitates
and the same is added in the revised manuscript.
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