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研究成果の概要（和文）：fcc結晶構造を有するアルミニウム合金を対象として、理想強度を目指した高強度化に関す
る検討を実施した。ごく最近報告された、強加工によるナノ組織形成機構を高強度化に応用するため、高強度化に及ぼ
す合金組成およびプロセス条件の影響について基礎的検討を行うとともに、その機構解明に関する検討も実施した。合
金組成に関しては、亜鉛、マグネシウムおよび銅の効果を明確にし、プロセス条件に関しては、鋳造時の凝固速度が大
きいほど高強度かつ高延性となることを確認した。強化機構に関しては、結晶粒径微細化と粒界への主溶質元素の濃化
の双方が寄与していることが示唆された。

研究成果の概要（英文）：The effects of alloy compositions and process conditions on the strength of the 
aluminum alloys processed with severe plastic deformation, which has been reported to be very effective 
to refine the nanostructure. The mechanism of strengthening in such specimens has been also studied. The 
alloying elements, zinc, magnesium and copper, are very effective to raise the strength and high 
solidification rate during casting process is also effective to achieve high strength. As for the 
mechanism of strengthening, both grain refinement and segregation of alloying elements to grain 
boundaries are thought to be important factors to suppress the deformation at high strength level.

研究分野：金属材料学

キーワード： 金属材料　高強度化　加工　ナノ組織
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MECHANICAL PROPERTIES OF Al-(8, 10)%Zn-2%Mg-2%Cu BASE ALLOYS 
PROCESSED WITH HIGH-PRESSURE TORSION 

Ichiro Aoi, Shigeru Kuramoto and Keiichiro Oh-ishi 
Toyota Central R&D Labs., Inc., 41-1 Yokomichi, Nagakute, Aichi, 480-1192, Japan 
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Abstract 

It has been reported that ultimate tensile strength of commercial 
7075 alloy is improved up to about 1 GPa by high-pressure 
torsion (HPT), which is one of the typical methods of severe 
plastic deformation. In the present study, Al - (8, 10) % Zn - 2 % 
Mg - 2 % Cu - 0.25 % Cr - (0, 1) % Fe alloys, in mass %, were 
prepared by high-pressure die-casting (HPDC) or by gravity 
casting (GC) to study the effect of process conditions before HPT 
process on the mechanical properties after HPT. The tensile 
strength of the alloy HPTed at 2 GPa was increased up to 900 
MPa, irrespective of process conditions before HPT. On the other 
hand, the process conditions affected the tensile elongation; the 
specimens prepared by HPDC show higher ductility than those by 
GC. This result is related to size and distribution of second-phase 
particles. 

Introduction 

Generally, the strength of aluminum alloy is effectively raised by 
precipitation hardening. Typical conventional high-strength 
aluminum alloys such as 2000 and 7000 series alloys are 
strengthened by aging, which is a heat treatment required for 
precipitation hardening. However, recent researches on severely 
deformed aluminum alloys have revealed that cold working is 
more effective method to strengthen the aluminum alloys than 
aging. It has been reported that the strength of age-hardenable Al-
Zn-Mg-Cu based alloy, commercial 7075 and 7475 alloy, has 
been improved significantly by applying high-pressure torsion 
(HPT), one of the typical severe plastic deformation methods [1-
3]. The ultimate tensile strength (UTS) of 7075 alloy has been 
raised up to 840 - 1000 MPa by HPT process without any further 
heat treatment. The reported strength of HPT processed 7075 
alloy is far higher than the peak-aged 7075 alloy with UTS of 570 
MPa. Liddicoat et al. reported that such strengthening is attributed 
to basically four factors; grain refinement, increase in dislocation 
density, nano-cluster formation inside the grains and grain 
boundary segregation during HPT processing [2]. Among these 
strengthening factors, they conclude that nano-cluster formation is 
the dominant factor to improve the mechanical properties of their 
7075 alloy HPT processed for 10 turns at room temperature. On 
the other hand, Valiev et al. reported that grain boundary 
segregation is the dominant factor to raise the strength of their 
7475 alloy processed with HPT for 10 turns at room temperature 
[3]. The present authors also have studied the microstructure of 
the HPTed 7075 alloy, and revealed that zinc, magnesium and 
copper significantly concentrate to the grain boundaries [4].  

In addition to the mechanism for strengthening, the effect of 
alloying element on the mechanical properties and microstructure 
formation has not been known in the strengthening behavior of 
Al-Zn-Mg-Cu alloys processed with HPT, either. This is because 
the previous studies [1-4] are performed only on the 7075 or 7475 
alloy with a specific chemical alloy composition. Regarding this, 

the present authors have reported the effect of alloying elements 
on the mechanical behavior in HPT processed Al-Zn-Mg-Cu 
alloys [5]. In the previous paper, we focused on effects of zinc, 
magnesium and copper addition on the mechanical properties, 
because these elements are known to be important on the 
strengthening in the Al-Zn-Mg-Cu alloys using precipitation 
hardening. We found that the Al-10Zn-2Mg-2Cu alloy exhibited 
very high UTS after HPT for 10 turns, 875 MPa, which is similar 
to that in the HPTed 7075 and 7475 alloy [1-4]. The results in our 
pervious study also showed that significant strengthening can be 
achieved by HPT process in the specimens with the rather 
disadvantageous initial state of coarse as-cast microstructure. 
However, the effects of initial microstructure before HPT process 
on the mechanical properties have been unknown. The present 
small paper is intended to examine the effect of chromium and 
iron additions on the mechanical properties of HPTed Al-Zn-Mg-
Cu alloys, since these additives are known to form second phase 
particles, which affect the mechanical behavior. 

Experimental Procedure 

Four ingots of Al-Zn-Mg-Cu-Cr base alloys were prepared by 
high-pressure die-casting (HPDC) or by gravity casting (GC) to 
study the effect of process conditions before HPT process on the 
mechanical properties after HPT. The chemical compositions are 
shown in Table I, where the one of the commercial 7075 
aluminum alloy is also shown as a reference. They were heated to 
450 ºC at a rate of 35 ºC/min, homogenized at 450 ºC for 18 hours 
and furnace cooled to room temperature to eliminate microscopic 
segregations during solidification process. A part of the 
homogenized GC ingots were cut into rectangular bars of 20 x 20 
x 100 mm3 and subjected to hot rolling at 400 ºC to reduce the 
defects introduced during casting process. The reduction of hot 
rolling is 50 %.  The hot rolled specimens are referred as GCHR, 
gravity cast and hot rolled.  

Table I. Chemical Compositions of the Specimens (mass %) 
Sample Al Zn Mg Cu Cr Fe 
8Zn-0Fe bal. 8.0 2.0 1.9 0.26 0.12
8Zn-1Fe bal. 8.1 1.9 2.0 0.26 1.06

10Zn-0Fe bal. 9.9 2.0 2.0 0.27 0.12
10Zn-1Fe bal. 10.0 2.0 2.0 0.26 1.10

7075 bal. 5.6 2.5 1.6 0.23 <0.5

Discs of 10 mm diameter and 1 mm height for HPT were prepared 
from the HPDC, GC and GCHR specimens. The disc specimens 
were solution heat treated at 480 ºC for 5 hours, and quenched 
into water. The solution treated disc specimens were placed 
between the upper and the lower anvils and torsion-strained by 
rotating the upper anvil with respect to the lower anvil at a 
rotation speed of 1 rpm under a compression stress of 2 GPa for 1 
or 10 turns at room temperature. There was no evidence of 
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slippage on the surface of the HPT-processed specimens, so we 
consider that compressive stress of 2 GPa is enough to prevent the 
slippage between the anvils and the specimen. Small tensile test 
pieces were machined from the HPT processed discs to evaluate 
tensile properties at room temperature, where the parallel portion 
of the tensile specimens corresponds to the region 2.5 mm 
distance from the center of HPT processed disc specimens. In 
addition, polished cross-sectional surface of the disc specimens 
along their diameter was subjected to micro-hardness 
measurement and observed using scanning electron microscope 
(SEM). 
 

Results and Discussion 
 
In the present study, mechanical properties were evaluated by 
micro-hardness measurements and tensile tests after the HPT 
process. Figure 1 shows the examples of hardness map obtained in 
the HPTed specimens, which represents the inhomogeneous 
distribution of mechanical strength after HPT process. This 
inhomogeneity is attributed to the strain gradient which exists in 
the disc specimen [6]. In the present study, we evaluate tensile 
properties from the region 2.5 mm distant from the center of HPT 
processed disc specimens, where the averaged hardness is raised 
up to HV232 after 1 turn, and HV240 after 10 turns of HPT 
process in the case of 10Zn-0Fe GCHR specimen shown in the 
figure. Results on other specimens, which are not shown in the 
figure, revealed that the averaged hardness in such region was 
ranging from HV210 to HV260 after HPT process. The 10Zn 
series specimens tend to show higher hardness than 8Zn series 
specimens, though the effect of the process conditions before HPT 
was not clear.  
 
The tensile properties after 1 turn of HPT process are compared in 
Fig. 2. The UTS, as shown in Fig. 2(a), is ranging from 700 to 900 
MPa. It is surprising that even 1 turn of HPT process can raise the 
UTS very effectively. However, the effect of process conditions 
before HPT is not clear, which is basically the same tendency as 
the results of hardness measurement. The elongation to failure is 
shown in Fig. 2(b), which reveals that addition of iron suppresses 
ductility. In addition, process condition also affects the 
elongation; GC specimens tend to have lower ductility. In many 
cases, HPDC and GCHR specimens have higher ductility than GC 
specimens. This implies that second-phase particles containing 
iron promotes the premature failure at smaller tensile strain in GC 
specimens. The effect of second-phase particles will be discussed 
later. 
 
 
 

 
 
Figure 1. Micro-Vickers hardness distribution in the 10Zn-1Fe 
(GCHR) specimens after 1 turn (N = 1) and 10 turns (N = 10) of 
HPT process. Results of measurement are shown as 2D maps. 
 
 

 
 

 
 

 
 
Figure 2. Results of tensile tests in the specimens processed with 
HPT for 1 turn. (a) UTS, (b) elongation. 

 
 

The tensile properties after 10 turns of HPT process are compared 
in the Fig. 3. Some of the GCHR specimens have large cracks and 
tensile test could not be made. The UTS, as shown in Fig. 3(a), is 
ranging from 400 to 900 MPa, which implies that hardening by 
HPT processing saturates after 1 turn of HPT and the specimens 
were processed under a steady state after that. The elongation to 
failure is shown in Fig. 3(b), which reveals that ductility is 
generally lower in these specimens than in those after 1 turn of 
HPT process shown in Fig. 2. The ductility is too small for the 
applied stress to reach the yield point in some specimens; their 
UTS are very small since they failed during elastic deformation. 
These results imply that huge amount of strain causes large cracks 
during 10 turns of HPT processing, resulting in small tensile 
ductility. However, it is noted that HPDC specimens generally 
show high UTS and two of them show good ductility.  

(a)

(b)
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Figure 3. Results of tensile tests in the specimens processed with 
HPT for 10 turns.  (a) UTS, (b) elongation. 
 
 
Some stress-strain curves during tensile tests of 10Zn-0Fe and 
10Zn-1Fe HPDC specimens are shown in Fig. 4. The 10Zn-0Fe 
specimen after 1 turn of HPT process exhibits very high UTS of 
900 MPa together with 7 % of total tensile elongation. It is noted 
that such effective strengthening with good ductility has never 
been reported before in the specimens with only 1 turn of HPT 
processing. In many cases, such strengthening can often be 
achieved by 10 or more turns of HPT processing [2, 3]. So the 
present data is very important in the practical point of view.  
 
The same alloy specimen after 10 turns of HPT process has 
almost the same strength but smaller elongation. SEM 
observations of this specimen revealed that large cracks of from 
100 Pm to some mm exist on the fracture surface. These large 
cracks seem to be formed during HPT process and spoil the 
tensile ductility in subsequent tensile tests. On the other hand, the 
10Zn-1Fe specimen shows large ductility even after 10 turns of 
HPT process. It shows very high UTS of 920 MPa and 5.5 % of 
total tensile elongation. SEM observations of this specimen 
revealed that the fracture surface is covered with ductile dimples 
and there is no large crack on the fracture surface. 

 

 
 
Figure 4. Stress-stain relationship during tensile tests for the 
(a), (b) 10Zn-0Fe and (c), (d) 10Zn-1Fe specimens.  
(a), (c) N = 1, (b), (d) N = 10. 
 

 

 

 
 
Figure 5. SEM images of the polished surface of (a), (b) 10Zn-0Fe 
and (c), (d) 10Zn-1Fe specimens after 10 turns (N = 10) of HPT 
process. (a), (c) HPDC, (b), (d) GC specimens. 
 
 
 
Figure 5 shows the results of polished surface observation by 
SEM. Here we compare the effect of iron addition in 10Zn series 
specimens. The iron content in the 10Zn-0Fe specimens is 0.12 % 
whose origin is pure aluminum ingot with 99.7 % purity. These 
10Zn-0Fe specimens have small amount of iron containing 
second-phase particles as shown in Fig. 5 (a, b), which formed 
during solidification process. The size of the particles is larger in 
the GC specimen, which can be attributed to the slower cooling 
rate in gravity casing. The 10Zn-1Fe specimens have large 
amount of such second-phase particles as shown in Fig. 5 (c, d). 
The size of the particles is larger in the GC specimen, which is 
similar tendency in the 10Zn-0Fe specimens. The size and 
distribution of the second-phase particles in GCHR specimens are 
basically the same as those in GC specimens, though the results 
are not shown in the figure.  

(a) (b) 

(c) (d) 

(a)

(c)

(b) 

(d) 

(a) 

(b) 
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復のみが生じ，結晶粒の形状は加工方向に延伸した棒状あ
るいはパンケーキ状となる。Fig. 5はHPT加工前の溶体化処
理材（以下，「溶体化処理材」と呼ぶ）のTEM明視野像観
察結果である。溶体化処理材の結晶粒は，等軸粒ではなく，
加工方向に延伸した形状となっていた。また，粒径は10～
100 µm程度であり，Fig. 5（a）, （b）においては観察倍率が高
く結晶粒界は観察されない。Fig. 5（b）内に示した電子線回
折パターンは，同図の円状領域から取得しており，単一結晶
粒の母相（fcc構造）からの回折が認められる。なお，均質
化処理時に析出したCr系分散相と思われる粒子の存在も認
められる。これに関しては，後にEDSによる分析結果を示
す。

Fig. 6はHPT10回転加工材のTEM明視野像観察結果であ
る。結晶粒径は100～200 nmであり，Fig. 5と比較して顕著
に微細化している。電子線回折パターンからも，多数の結
晶粒からの回折が認められる。Fig. 5とFig. 6との比較から，
HPT加工により高密度の転位が試料中に導入され，加工中
の動的回復等による転位の再配列によって粒界が生成し，結
果として結晶粒径の微細化が生じたことが示唆される。こ
れらのTEM明視野像の観察では，HPT加工材中の第二相の
分布が不明瞭である。そこで，STEMによるAnnular Dark 
Field（ADF）像の観察結果をFig. 7に示す。Fig. 7（a）～（c）
は溶体化処理材，Fig. 7（d）～（f）はHPT10回転加工材の結
果である。この図から，HPT加工前後の双方の試料に第二
相（白色粒子）が存在すること，それらの形状・サイズ・分
布が異なることが明らかである。
第二相についてより詳細に調べるために，EDS分析を実施

した（Fig. 8～Fig. 10）。Fig. 8は溶体化処理材のEDS分析結
果である。Fig. 5で見られた第二相はCrを含む化合物である
ことが明らかである。Zn, Mg, Mnの濃度も，この化合物周辺
で高くなっている傾向がある。しかし，本研究の目的はHPT
加工材の組織を明らかにすることであるため，溶体化処理材
について，これ以上の詳細な検討は実施しなかった。また，
ここではCuの濃度は場所による不均一がほとんど見られな
いことも注意されたい。

Fig. 9はHPT加工材のEDS分析結果である。Fig. 7から，

Fig. 5� 7(0�EULJKW�¿HOG� LPDJHV� DQG�6$('�SDWWHUQ� IRU� WKH�
specimen before HPT process. The SAED pattern was 
taken from the circled area. Fig. 6� 7(0�EULJKW�¿HOG� LPDJHV� DQG�6$('�SDWWHUQ� IRU� WKH�

specimen after 10 turns of HPT process. The SAED pattern 
was taken from the circled area.

Fig. 7� $QQXODU�GDUN�¿HOG� �$')�� LPDJHV� IRU�VSHFLPHQV�EH-
fore (a–c) and after 10 turns of HPT process (d–f).

�

ýȳ� ,%,
 õȎ 6�" ŴȬ	% üǼȭo "39 Ǧ
ĠǌŻoÉ�

�

J. JILM  64（2014．6） 245

HPT加工により第二相の形状・サイズ・分布が変化するこ
とがわかっており，その詳細がこの図に表れている。溶体化
処理材（Fig. 8）と比較すると，まず，Crを含む化合物のサ
イズが小さくなっている。また，ZnとMgとを同時に含む化
合物が多く見られ，これがCrを含む化合物とは異なる場所
に存在している。さらに溶体化処理材には見られなかった
Cuを含む化合物が存在している。Fig. 10は，高倍率でHPT

加工材のEDS分析を実施した結果である。この図から，Fig. 

9に見られた3種類の化合物はいずれも粒界上に存在してい

ることが明らかである。Fig. 10のADF像中に示した特定の
領域に関して簡易定量分析を実施した結果をTable 1に示す。
領域1～4は第二相に対応している。領域1はCuを含む化合
物であり，Table 1の組成分析結果からAl2Cu（ș）であると考
えられる。領域2および3は主にZnとMgとを含む化合物で
あり，Table 1の組成分析結果とFig. 9およびFig. 10の組成
マップにおいてこれらの化合物の位置のAl濃度が極端に低
いことを考え合せると，MgZn2（Ș）に近い組成を有すると思
われる。領域4はCrを含む化合物である。

Fig. 10において，ZnおよびMgの濃度分布をよく見ると，
化合物が存在しない部分においても，濃度変動が存在して
いるように見える。実際Table 1の2か所の母相（領域5およ
び6）の組成分析結果は，場所によってZnおよびMgの濃度
が変動している可能性を示唆している。この点について検討
する目的で，測定条件を変えてEDS分析を実施した結果を
Fig. 11に示す。ここでは，組成マップを画素数64×64，一点
あたり1 s，積算なしの収集条件で測定を実施した。この図
から，母相内のZn, Mg, Cuの濃度が100～200 nmのサイズで
不均一に変動していることが明らかである。さらに，Mgに

Fig. 8 Elemental distribution maps by EDS analysis for 

specimen before HPT process with ADF image.

Fig. 9 Elemental distribution maps by EDS analysis for 

specimen after 10 turns of HPT process with ADF image.

Fig. 10 Enlargements of elemental distribution maps by 

EDS analysis for specimen after 10 turns of HPT process 

with ADF image.

Table 1 Semi-quantitative analysis of chemical composi-

tions for six areas indicated in ADF image in Fig. 10.

Al Zn Mg Cu Cr Fe Si

1 62 <1 <1 35 <1 <1 <1

2 79 9 7 3 <1 <1 1

3 40 32 25 2 <1 <1 1

4 91 3 2 <1 2 <1 <1

5 93 2 3 <1 <1 <1 <1

6 98 <1 <1 <1 <1 <1 <1
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関しては，粒界へ偏析する傾向も認められる。

4.　考 察

組織観察の結果，HPT加工中にCrを含む第二相がより小
さなサイズに分断され，Zn, MgおよびCu原子の位置が動い
て，溶体化処理材には存在しなかった新たな第二相を形成す
ることが明らかとなった。また，これら主溶質原子の移動は，
第二相の形成だけでなく，母相中の濃度変動も引き起こして
いることが示唆される。以下に，HPT加工によりこのような
組織変化が生じた過程と，HPT加工材の組織と機械的特性と
の関係について考察する。
通常の7075合金T6処理材においては，溶体化処理時に主
溶質添加元素が母相に過飽和に固溶している。これに時効処
理を施すと，溶質原子が粒内および粒界に析出する。粒内に
析出するのは準安定相であり，これが主に強化を担う。粒界
には安定相が析出すると考えられている。7075合金におけ
るT6処理の通常条件は，120°Cにおいて24～48 hであり，上
記の粒内および粒界への析出が拡散により生じる。
一方，本研究においては，1 rpmの条件でHPT加工を実施

しており，1回転材では1分間，10回転材では10分間の時間
のうちに，大きな機械的特性および金属組織の変化が生じて
いる。HPT加工中の発熱に関する報告 12）によれば，アルミ
ニウム合金の場合には10°C程度しか温度上昇を生じないた
め，このように短時間で主溶質元素の大幅な分布変化を伴う
組織変化が生じていることは，通常の拡散現象だけではな
く，加工に伴う原子移動が組織形成の過程で大きな役割を担
うことを示唆する。

HPT加工中の組織変化は，①転位密度の上昇とその後の
動的回復による粒界の生成，②塑性変形によって導入された
転位や粒界に沿った高速拡散，の2つの現象のほかに，③せ
ん断変形による原子相対位置の変化，も同時に生じることに
よる結果として捉えることが可能である。本研究において
は相当ひずみで100を超えるような巨大ひずみ加工を施して
いるため，とくに③の寄与を無視することができない。HPT

加工前の過飽和固溶体は，これらの現象が生じる中で，加工
温度（未測定，おそらく100°C以下）の平衡状態あるいは準

安定状態に向かって析出による相分離が進行すると考えられ
る。相分離の初期過程では，粒内での溶質クラスタの生成や，
粒界への溶質移動や粒界でのクラスタ生成が生じると考えら
れる。粒内クラスタに関しては，本研究の範囲内では明らか
にすることができなかったが，Liddicoat9）らは3DAP解析に
よりそのようなクラスタを検出している。粒界への溶質濃化
については，加工の進行とともに，クラスタから平衡相に
近い組成を有する化合物へと変化する（Fig. 9およびFig. 10）
ものと考えられる。なお，本研究の範囲内では，粒界に観察
された化合物が平衡相であるのか準安定相であるのかについ
ては不明であり，今後の詳細な解析が必要である。
以上のようなHPT加工中の内部組織の変化が，機械的特

性に及ぼす影響を検討するために，結晶粒径と強度との相
関を表すHall–Petch（H–P）の関係 13）に基づいて，強化機構
を考察する。市販7075合金溶体化処理材（7075–ST）および
T6処理材（7075–T6）14）と純アルミニウム 15）の結晶粒径（D）
と0.2%耐力との関係に関する文献値をFig. 12にまとめた。
文献データは，いずれも10 µm以上の結晶粒径の試料を用い
ており，微細粒側では実験データが存在しないが，同様の関
係が成立すると仮定して点線を引いた。これらの直線の縦軸
の切片が摩擦応力と呼ばれ，単結晶の強度に相当する。直線
の傾きは，Hall–Petch係数（以下H–P係数）と呼ばれる材料
定数である。Fig. 12から摩擦応力とH–P係数は合金化や時効
処理により変化する。H–P関係は経験則 13）であるが，粒界
に堆積した転位の応力集中により，隣接粒に変形が伝播する
モデルで説明される 13）。
本研究で取扱う7075–HPT加工10回転材の0.2%耐力およ

び粒径は，それぞれ 800 MPa，200 nm（D-1/2 = 71 （mm-1/2））
であり，Fig. 12の7075–T6の線上にある。本来，HPT加工の
前の溶体化処理状態においては，7075–STの線上に乗ると考
えられる。HPT加工により，粒内における変形抵抗が何ら
かの要因により上昇した結果，7075–T6とほぼ等しい値まで
摩擦応力が増加した，あるいは摩擦応力はさほど上昇しない

Fig. 12 Hall–Petch relations for 7075 alloys and pure alu-
minum with the plot for the present result for 7075 alloy 
after 10 turns of HPT process.

Fig. 11 Detailed elemental distribution maps by EDS analy-
sis for specimen after 10 turns of HPT process with ADF 
image.
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