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ABSTRACT The influence of aging on the hardenability of 7055 aluminum alloy thick plate was
investigated by means of end–quench test, optical microscopy (OM), scanning electron microscopy
(SEM), transmission electron microscopy (TEM) and differential scanning calorimetry (DSC). The
results show that the hardenability can be improved by long time natural aging before artificial aging.
The hardened depth is about 78 mm after natural aging and only about 45 mm after artificial aging,
but increased to be about 100 mm after natural and artificial aging. During slow quenching, the coarse
η equilibrium phase forms, and the solute concentration and vacancy concentration are decreased,
which lead to larger and fewer η′ hardening precipitates, thus lower hardness after aging. The long
time natural aging before artificial aging is favorable for formation of stable GP zones at slowly–cooled
locations, and consequently more amount of dispersed and fine η′ hardening precipitates, which give
rise to higher hardness and simultaneously better hardenability.
KEY WORDS 7055 aluminum alloy thick plate, hardenability, aging
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1 ��789:;
;B%'0 60 mm 8# 7055 ���<<Æ, 2�

49G (=7G=, %) 0: Al–8.10Zn–2.08Mg–2.25Cu–
0.11Zr, Fe<0.07, Si<0.07. :Æ%>?@;<0

25 mm×25 mm×125 mm #:Æ((AC, DÆ=3B
10 mm, >80 20 mm #>?, "0CD61Æ, ?DÆ
,)?3B 15 mm, M5 mm #@EA(+HAC. AC
$ SX–4–10 FGEI@B,=<A 470 @>?+#, A
H 1 h6BIB:Æ((CD [5] >>?CD61, DHE
0 20 @. CACJF61AGH6, >? 3 F��D=:
GKHB,HJ�� 120 @/24 h; II��E 4320 h;
II�� 4320 h+ HJ�� 120 @/24 h. K��6#
AC:,L?C, EL�FA#,JGDH3, :CD6
1ÆCK, M,)NB5FAILODD# VickersL�.
$E9OD�, MJ,)NJ>B5>F 5 9K, MM3
N9K"0'OD#L�. L�FA$ HV–10B FPO
L�M>>?, PK!#LN0 3 kg. ?@QL;<#A
C$FCDÆ 3, 23, 53, 78  98 mm D?3>8 3 mm
#&AMG<IH, FLÆ(AM,- 5 9OD#61
QN.

$:Æ((ACILOD2@C->?>D56G
@, �QC-IND"RD"RO6! Graff SargentAP
(1 mL HF+16 mL HNO3+3 g CrO3+83 mL H2O) J
!, KK��,ÆN&L N&LS#SGCM [6]. �Q
(OM)D6$ XJP–6AF�QS>N>>?, OQQ@2
#TG@ (EDX) $ FEI Quanta–200 UOIN (SEM)
>>?. /VIN (TEM) G@$ TECNAIG220 FI
N>>?, =,IT0 200 kV; INC-UMD98E
0.08 mm #PW, NQ9>8 3 mm OW6>?XC7
P. IPV0 20%HNO3+80%CH3OH, K!VR61,
H�Q4$ –20 @('.

2 ��PQ
2.1 RST�

W 1a 0RCDÆILFRD#61QN. $ 200—
450 @UL, H�S,'1, !G 200 @6H�'1,0
ST. YRCDÆFR#V=, H�'1#,0WR7&.
7055���#((()H�SL0 230—420@ [7],�-
MM3ILODD$'H�SL#N961,0ZW 1b
P[. XWKX, $RCDÆE 60 mm(U61,0S,
'1, 4G 60 mm (6S�I4, V\9D]DNN. $
RCDÆ 3 mm D61,00 1250 @/min, A 23 mm
DE0 630 @/min, '1<DT, A 78 mm D1AE
138 @/min.
2.2 Y��T�

W 2a 0IL��D=6#(/ QN. XWKX,
HJ�� II + HJ��6#L�KWS�GII�

� 1 X^_�U`YX���aY�����

Fig.1 Cooling curves (a) and cooling rates (b) at different

positions from the water–cooled end

� 2 U`��		�aY

Fig.2 Hardenability curves of Vickers hardness vs distance

(a) and relative hardness vs distance (b) after differ-

ent aging treatments
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�6#, &VYZFR#V="['1ef. II��6
L�YFRV=D>WT'1; >GHJ�� II + H
J��, G\$E 60 mm E 40 mmX^UL�KS,
'1, "6Y5IS. $E 45 mm (U, HJ��6#L
�K\�GII + HJ��#, &4G 45 mm �, 63
#L�KWS�Gg3. W 2b P[#�ILODDQ>
G 3 mm DL�#]KYFR#S�h]. $E 25 mm
(U, 3 F��4�'#]K^\I4; $ 25—80 mm X
^U, II��6L�Q>]KWS�GHJ�� II
+ HJ��; 4G 80 mm �, II + HJ��6#L�
Q>]K[�, HJ��#[!. $RCDÆ[\#OD,
HJ��6#L�Q>K[&, E 86%; "II�� I
I + HJ��G\E0 89%  90%. iZHL�'1
10% D#FR0(/0B�, ^_:W 2b ,K(`3,
HJ��"II�� II + HJ��AC#(/0B
�G\E0 45, 78  100 mm. SI, $HJ��g_j

II��S]7�< 7055 ���8Æ#(/ .
2.3 ^ !"

W 3 061,0>�Q56#<=. Æ%+#6[
k<_GN&L, $61,00 1250 @/min D, La
56l`, LU<\b, ]_#N&LLaJÆN&L5
6MÆ%C5 (ND) cm3a. N&LLa#;<M<5
(RD) E0 150 μm, MC5 (ND) E 50 μm, M]5
(TD) E 100 μm, [`N_. $ 138 @/min D, La5
64(Sa3M, N&LLaJÆN&LLaSL4(S
G, $ RD–ND 23>KD6BDb^na_56. d6
3#56G@o0, --'��061,07&, ((A
M,@3#OQQ=7V_, $J!P,2U$!!"<
=<La56#Sa.
2.4 `abc#d

W 4 0IL61,0�C-# SEM eW, 2,W
4a  b 0C-Æ!!�#eW, W 4c  d 0C-!!

� 3 ����	��fg�
Fig.3 Influence of cooling rates 1250 b/min (a) and 138 b/min (b) on the metallographs (RD—rolling direction,

TD—transverse direction, ND—normal direction)

� 4 U`����cp SEM hq
Fig.4 SEM images of the sample before (a, b) and after (c, d) corrosion cooled at rates of 1250 b/min (a, c) and

138 b/min (b, d)
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6#eW. 61,00 1250 @/min �, KD6Bd_N
4#cn` Fe  ` Cu dkQ, 4VM<4B5[e_
Ge (W 4a). W 4c 0!!6# SEM eW, Ka, _G
dkQaieI!!ff, Lg6[k<!!, �-K(
lfSa3Lagh. 61,00 138 @/min �, C-
,g<N4#cndkQh, LU"Lg@iLgD9K
D6B<_cn#;<;&# η NbQ (W 4b). $LU,
-b η NbQ4_M<5[a_Ge. C-!!6, -b
η NbQ�0�jcQ"4V$!!, i'd_^n#A
d, KLg@iLghk3M (W 4d). -h, eK[ai
Lg>@3# η QWS,&GLg# η Q. $T,61
AM,YZH�#'1, ��03$ Al Yr,#+#�
1!, +#r[kGP@3 η NbQ, j,$��,Db
�jgf#OD, ZLU#ksai"iLg@Lg>g
f@3 [1].

W 5 061,00 138 @/min �, C-,Lg η

NbQ#gh EDX &E. XW 5b #gG@K(`3,
LgOQQj,il Al, Zn, Mg  Cu 03, 2=7G
=G\0 78.80%, 12.39%, 4.02%  4.79%. XW 5c ,
#NUOG@KX, Zn, Mg  Cu 3 F03$LgD[

k`h. X-KX, Lg># η NbQ,#P<_G Al
 Cu 03.
2.5 �kbc#d

W 6 061,00 1250 @/min �C-HJ��6
# TEM eW. $!!j=D6[a, $ÆN&LS#�
47#iLa (W 6a), XG61,04, ((AM, η N

bQ4(gf@3, #=liV$Ai$+#r,, �-
$LU@Lg>Y5`IBN4 η NbQ#'$. ��6
Lg>@3# η Q;<R&91, E 30 nm, [e_ml
Ge_t. LU�� �#ki��Q, "LgjV'$
WS#mki@3a (PFZ), 2n�E0 25 nm(W 6b).
;�j='D6[a, Yr,ki��Q[a_ (W 6c),
:>-# 〈001〉 nSoVkC (SADP) KX, η′ ipQ
#oVl<�, GP S#<u, -vW-�#��Q( η′

ipQ0j. 'QK��@mOnml, ��o�#��
"!, �--DL�<�.

W 7 m3<61,00 138 @/min �C-��6
# TEM eW. XW 7a KX, $LaU_KD6B4
7N4# η NbQ, JW 4b &EDn. -bQ_[o]
_, ;<I91, 2N9o�0 320 nm oq, [4#E

� 5 ����� 138 p/min pqqn� EDX ��

Fig.5 Morphology (a), and corresponding point analysis (b) and line analysis (c) EDX results of the second phase

at grain boundary at cooling rate of 138 b/min

� 6 ����� 1250 p/min cp��� TEM hq
Fig.6 TEM images of sub–grains (a), second phase at grain boundary (b), and hardening precipitates in the grain

and 〈001〉 SADP (c) in the sample cooled at 1250 b/min after artificial aging
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� 7 ����� 138 p/min cp�� TEM hq
Fig.7 TEM images of the sample cooled at 138 b/min after aging

(a) coarse equilibrium η phase inside grain

(b) grain boundary after artificial aging

(c) grain boundary after natural aging

(d) hardening precipitates after natural aging and 〈011〉 SADP

(e) hardening precipitates after artificial aging

(f) hardening precipitates after natural and artificial aging and 〈011〉 SADP

1000 nm.  61,00 1250 @/min �Q], HJ�
�6Lg># η QWS;4, E 200 nm, wGeIm
l (W 6b  W 7b), LgjV#mki@3aSn, E0
175 nm. $II��C-,, Lgmki@3aIWS,
Lg>�N4wGeIml# η Q, ;<E 200 nm (W
7c), -vW$61AM,Lg>eI@3< η Q; ":
LU#eW >-#oVkCxo, LUGeZ GP S,
r� η′ ipQ (W 7d), �-L�!!. :W,eK`3

Al3Zr ksai#'$, -baiKÆB@mN&L#"
! [8]. HJ�� II + HJ��6, LaU_V@3
<47# η′ ip��Q (W 7e  f), &6F4�', η′

��Q# �;�, ;<;&, �-L�;�.
2.6 p$`aqrst

W 8 0IL61,0�C-��6# DSC QN. W
,p A H[��56,��Q##P, :W 6c(@W 7e
 f KX, ��6#��Qj,� η′ ipQ, �-p A
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� 8 U`����cp�� DSC aY

Fig.8 DSC curves of the sample cooled at different cool-

ing rates after artificial aging (a), and natural and

artificial aging (b)

0 η′ ipQ##Pp; p B H[ η′ Q#@3, pKH
� 220 @oq; p C H[ η Q@3@y�, pKH�$
245 @oq; p D H[ η Q#P, pKH�$ 350—
400 @; p E H[ S Q#@3, pKH�$ 472 @o
q. -b&EJ("#Db;;&E [9−11] s\. XG=
<AM,, _9q-KL�[k [9], _Gq-p (Zp A
Jp B, p B Jp C) UL[k<2r.

3 u%&v
W 9 m3< 3 F��4�'C-#L�J61,0

UL#s�. XWKX, Y61,0#7&, L�Ior
7&, >2>?N t�, &EZE (1)—(3) P[.

HJ��:

HV = 111.0 + 27.8lgCr (1)

II��:

HV = 128.4 + 13.6lgCr (2)

II + HJ��:

HV = 133.7 + 19.5lgCr (3)

� 9 U`���r��w�����ts
Fig.9 Relationship between hardness and cooling rate after

different aging treatments

E,, HV sH Vickers L�K, Cr sH61,0. HJ
��"II�� II + HJ��>-#N Qs�=
G\0 0.9981, 0.9120  0.9889, Ka, L�J61,0
#>=LV��!�#N s�. AG>N#t0, II
���#[&; HJ��#[4, E�g3# 2 j; II
+ HJ��#u,. ��4�<=<��L�J61,0
UL#s�, II + HJ��1!<61,07&"t
nL�'1#M�, 7�<��Æ%#(/ , -J��
?S<��,#>D56v Qs.

W 10 0HJ�� II + HJ��6# DSC G
@&E, m3< η′ ipQ#P�#pKH�@p3uJ
61,0UL#s�. pKH�H[#�q-,0[4�
>-#H�, JkiQ#;< pH �s; "p#3u
qu#�kiQ#ruG= [9]. :W 10a K(`3, YZ
61,0#7&, pKH�z�, -vW η′ ipQ#;<
V=; HJ��6 η′ ipQ#Pp#pKH��GII
+ HJ��#, -vWII + HJ��6# η′ ipQ;
<;&. -b&EJW 6  W 7 ,#56G@Dn. :W
10bK(`3, Y61,0#1!, p3u7&, -vW η′

ipQ#ruG=7{, J��6L�#1!Q>- (W
9). $!�61,0X^U (4GE 300 @/min), HJ
��6#p3u4GII + HJ��#, vWg3, η′

ipQ#:7;�, �-L�6;�; $!!61,0X
^U (&GE 300 @/min), HJ��6#p3u&GI
I + HJ��#, vWg3, η′ ipQ#:7;!, L
�;!, -JW 9 ,#&EDn. >W 10a  b ,#=d
>?N t�, &EZE (4)—(7) P[.

HJ��:

T = 191.8 − 0.00538Cr (4)

S = −2.2 + 10.7lgCr (5)

II + HJ��:
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� 10 �� DSC ����

Fig.10 DSC analysis result after aging

(a) peak temperature vs cooling rate

(b) peak area vs cooling rate

T = 184.2− 0.00329Cr (6)

S = 11.8 + 5.0lgCr (7)

E,, T � η′ Q#Pp#pKH�, S � η′ Q#Pp#
p3u. Ka, η′ ipQ#P#pKH�J61,0L�
<�#N s�, HJ�� II + HJ��]v'#
N Qs�=G\0 0.9624  0.9967; " η′ ipQ#
Pp#p3uJ61,0#>=L�!�#N s�, H
J�� II + HJ��]v'#N Qs�=G\0
0.9985  0.9885. W 9 ,wL�t�>N#cgJW 10
,p3ut�>Ncg>-#61,0IL, -��0 η′

ipQ#���Eg<JruG=�sh, eJ2;< 
Ge�s.

7055 ����������, +#D=6S,61
�, Yr,##=liMI@@3"g9Au +#r.
-�DFcIpH#_t, $GH'w3HJ���cv
f#, @3Æ��"!# GP S η′ ipQ, &Dvo0
63#���E;� [9]. 7000 �������#GPw
x./0 [12,13]: Au +#r (S.S.S.S.)→GP S →η′

Q →η Q. �-, GP S#;<"=7@Ge> η′ Q#g
9As2,. $:Æ((AC,yVCDÆOD, 61,
0S, #= $Oz��, ���47pH# GP SKS

,g9, HJ��g_jII��>2L�<=I4, Z
W 2 P[. YZRCDÆFR#V=, 61,07&, 6
1AM, η NbQ#@3xx<47##=li, tn#
= $Oz�V'1, �-���@3#|l5Io7&,
ki��Q@36/M/{4. Y61,0#7&, ��
� GP S#91gfH�61! [14,15], g9# GP S{
wIpH. -�i$ 120 @>|��, 47eg9# GP
Sy#P, L�4(g9y# GP S, P(��6LB#
η′ ��Q;<V="ksM�441!, ���E^. $
GH'>?o�L#M���, Yr,g9<47# GP
S (W 7d), zL!�#L�. $-Yw>>Dx$ 120 @
���, GP S#pH'$"I#P, yYZ��#>?
o4BS9 η′ ipQ, 2=7;_, Ge;91ks, Z
W 7  W 10 P[. �-$61,0&#S#, II + H
J��6#L�S]�GHJ��, AC#(/ 447
� (W 2).

4 Pv

(1) IHJ��"II�� II + HJ��6,
7055���8Æ(/AC#(/0B�G\0 45, 78  
100 mm, HJ��g>?o�L#II��S]7�<
28Æ#(/ . L�J61,0#>=L�!�#N 
s�.

(2) Y61,07&, 61AM, η NbQ#=7 

;<V=, ��6@3# η′ ��Q=77{, ;<V=,
ksM�1!, L�'1. η′ Q#Pp#pKH� p3
uG\J61,0@2>=��o�#N s�.

(3) HJ��g#o�II���jGpH GP S
#g9, [xLB=7;_"Ge;91ks";<;R
&# η′ ��Q, S]7�<L�, 7�<(/ .

yz��
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