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摘  要：近年来，航空航天领域对 300~500 ℃中温区间具有出色高温抗氧化、抗蠕变能力的轻质

耐热铝合金材料，需求愈加旺盛。然而，铝合金的高温软化问题一直是制约中温区间零件结构设

计和服役安全的关键短板。要克服该短板，应针对不同应用场景的综合需求（性能、成本、效率），

考虑不同制备工艺的特性，对不同体系合金进行外加或合金化原位自生的方式在合金基体内均匀

分布足够数量的热稳定纳米相，以此钉扎晶界并抑制晶界运动和位错滑移。本文从铸造、快速凝

固、增材制造三方面归纳了耐热铝合金的研究进展和应用，并展开分析了不同体系耐热铝合金组

织性能的调控手段，总结了耐热铝合金研究的最新成果，同时对耐热铝合金未来的研究方向进行

了展望。 

关键词：耐热铝合金；制备工艺；成分优化；组织调控；使役性能 

中图分类号：TG146.2     文献标志码：A 

 

航空航天工业是国家战略产业的发展重点，在满足结构强度和服役性能的前提下，应尽可能节约能耗

和降低运载成本。因此，构件轻量化一直是其追求的重要目标[1-3]。铝合金材料因其轻质、高强、耐磨耐蚀

等优势特性，在航空航天领域具有广泛应用[4-5]。虽然大部分铝合金材料在室温条件下都有较好的综合力学

性能，但是铝合金高温软化问题一直是制约其在中高温度区间零件结构设计和服役安全的关键短板[4, 6-9]。

比如具有代表性的 7075 铝合金，在 200 ℃和 300 ℃条件下，合金的抗拉强度只有室温的 30 %和 10 %[10]。

因此，对于航空航天领域最为关心的 300~500 ℃温度区间，行业更倾向于使用更重、更贵的钛合金[11-12]。

若能提升铝合金的中温强度，使其在>300 ℃条件下服役，则可取代部分昂贵的钛合金材料，实现“以铝代

钛”，以满足构件轻量化与经济效益的双重需求[13-14]。 
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耐热铝合金是指在 150~350 ℃服役环境下具有足够的抗氧化性，并且在热-力耦合的长时间作用下，

具备一定抗蠕变性以及力学性能的合金[15]。该类合金在航空航天、交通运输、高压输电、石油钻探等行业

得到了广泛应用，例如飞机轮毂和航空尾翼、发动机活塞和缸体、高压输电导线及石油钻杆等，如图 1 所

示[16-17]。随着航空工业、轨道交通及石油化工的不断发展，上述行业对耐热铝合金的综合性能（高温强度、

耐热性能、抗疲劳性能等）提出了更高的要求。然而，大部分高强铝合金内部析出相(Al2Cu、Mg2Si、Mg2Zn

等)在 200 ℃以上会迅速粗化[15]，造成铝合金强度急剧下降。因此，开发具备高耐热、高强韧的新型耐热

铝合金材料已成为当前的研究热点。 

铝合金的高温力学性能主要由两个因素决定，室温强度和高温强度的衰减率[7]，因此需同时保证室温

强化效果和高温微观组织稳定性。目前，在成熟的高强铝合金研究基础上，提升耐热性能的主要策略是在

基体内部形成高体积分数的热稳定强化相，以利用强化相对位错、晶界的有效钉扎作用来提升合金的高温

综合性能。以此为研究目的，科研工作主要从三个方面入手：优化合金成分、改善制备工艺以及适配热处

理工艺，来综合促使基体内部形成更高体积分数且弥散分布的热稳定强化相，从而提升铝合金的耐热性能。

针对不同的应用场景和性能需求，需选择适合的耐热铝合金成分和制备方法。本文以传统铸造法、快速凝

固技术以及激光增材制造三种制备工艺为大方向，聚焦于耐热铝合金成分-制备工艺-使役性能三者之间的

关系，探讨三种制备方法优势与不足，展开分析不同体系耐热铝合金组织性能的调控手段，以期为耐热铝

合金的制备提供参考依据，并推动铝合金构件的应用和国家航空工业的发展。 

 

图 1  耐热铝合金的应用领域分类[16-17] 

Fig. 1  The classification of heat-resistant aluminum alloy based on their application area[16-17] 
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1  铸造耐热铝合金 

 

对于耐热铝合金而言，铸造工艺发展多年且较为成熟，在汽车、航空航天，船舶等行业均得到了广泛

应用。在制造领域，例如 A319、A380、ZL702A 等合金已成功商用化并用于汽车发动机的生产制造[11, 18-19]。

铸造耐热铝合金的加工成形简单、制造成本低，但其工艺特性导致元素固溶度较低，难以在铝合金基体内

形成足够体积分数的析出相[21-22]，并且在使役温度超过 200 ℃以上时，其内部的 Mg2Si、Al2Cu、Al2CuMg

等强化相会逐渐粗化，造成力学性能下降，铸造耐热铝合金高温性能提升接近瓶颈[21-22]。 

在汽车发动机不断追求轻量化和高功率的需求之下，研究人员通过对常用 Al-Si 系和 Al-Cu 系铸造耐

热铝合金，进行调控合金成分、探索新型高温强化机理和改进铸造工艺来不断提高铸造耐热铝合金的高温

性能。 

1.1  Al-Si 系铸造耐热铝合金 

Al-Si 系铸造铝合金是目前使用最广泛的铸造铝合金，其生产总量高达铸造铝合金的 90 %以上[23-24]，

常用于制造汽车轮毂[25-26]和发动机活塞[27]。为了在基体内形成足够数量的析出相来强化 Al-Si 合金，常添

加 Mg、Cu 元素来提高其室温力学性能，再添加微量 Zr[28-29]，Sc[29-30]，Ni[31-32]，Ti[22]等元素细化晶粒尺寸。

以上元素形成的强化相具备良好的热稳定性，且与铝基体存在一定的位向关系，通过析出相在合金内的钉

扎作用提升其高温力学性能[33-34]。 

1.1.1  Al-Si-Mg 铸造耐热铝合金 

Al-Si-Mg 铸造铝合金拥有良好的机械性能、铸造性能和疲劳性能，被广泛应用于航空航天和汽车等领

域[35-41]。Al-Si-Mg 铸造铝合金的主要强化相 Mg2Si，经过固溶处理和人工时效可使其以强化颗粒 β’’(Mg5Si6)

和预 β’’相混合均匀分布于 Al 基体中，可获得较好的力学性能[42-43]，然而当其使用温度高于 180 ℃时强化

相尺寸会快速粗化或溶解，失去对 Al 基体的钉扎效果，导致机械性能快速下降[43-44]，从而很大程度上限

制了 Al-Si-Mg 合金的使用范围。 

微合金化是目前提高 Al-Si-Mg 系铸造铝合金高温适应性的有效方法，在室温下增强合金的力学性能并

改善其微观组织，在高温下减缓合金力学性能的衰退[45-50]。研究发现 Er、Sc、Zr 元素可以细化晶粒尺寸并

改性共晶 Si，从而可提高合金的强度和塑性。其中稀土元素 Er 添加在 Al-7Si-0.4Mg 合金中，可促使共晶

Si 破碎和球化、降低二次枝晶臂间距、细化组织并生成抗粗化的含 Er 金属间化合物；经过热处理后，

Al-Si-Mg-Er 合金室温和 200 ℃抗拉强度分别提升为 165.8 MPa、115.7 MPa（未添加 Er 时为 119.3 MPa、

95.6 MPa），同时提高了合金高温暴露后的峰值硬度和抗过时效性能，如图 2(a)所示[46]。湖南大学 Yi[47]

得到了相似的结果，相比 A356 合金 A356-Er 合金硬度随着人工时效时间延长表现更加稳定，可见 Er 微合
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金化的 A356 合金具有更佳的抗过时效能力和耐热性能，见图 2(b)（蓝线为两者硬度差值）。在此基础上，

Colombo 等[48]发现 Zr 元素在 A356-Er 合金中可再进一步提高合金组织的稳定性以及力学性能，室温和 200 ℃

抗拉强度可达 181.1 MPa 和 123.3 MPa，并且合金抗过时效性能也得到一定的提升，见图 2(c)。除了微合金

化，研究发现 Al-Si-Mg 合金在热处理过程中会逐渐球化 Si 颗粒，削弱其与 Al 基体的应力集中，并且在固

溶和时效处理后强化相弥散均匀分布于基体中，进而显著提高 Al-Si-Mg 合金的力学性能[51]。在高压铸造

Al-Si-Mg 合金的固溶处理过程中，铸件内部的气孔会导致气泡的产生。韩国 Kang 等[52]研究发现在最佳固

溶处理(520 ℃+1.5 h)下可有效抑制气泡的产生，且增大共晶硅和镁硅颗粒的面积和球度，抗拉强度和屈服

强度达到最高(296 MPa，240 MPa)。 

 

 

图 2  Al-Si 系合金在时效过程中的硬度演变[46-48, 78] 

Fig. 2  Evolution of hardness during aging: (a) A356, E3 and E6 at 200 ℃[46], (b) A356 and A356-Er at 180 °C without natural 

aging[47] (c) E3 and EZ series at 200 ℃[48], (d) Al-12Si-0.9Cu-0.8Mg alloys with the Ni contents from 1.0 % to 4.0 %[78] 

1.1.2  Al-Si-Cu 铸造耐热铝合金 

Al-Si-Cu 系合金是一种常用的耐热铝合金材料，其主要强化相 Al2Cu 的热稳定温度约为 225 ℃，在 200 ℃

左右工况下可稳定使用[53-54]。但在高于 250 ℃环境温度下时，商用 Al-Si-Cu 合金(A319)因时效过程形成的

θ’相 Ostwald 熟化，导致其力学性能会显著下降，抗拉强度和延伸率只有 70 MPa 和 7.0 %[55-56]。目前科研

人员主要从减小二次枝晶臂间距(SDAS)[57]，生成稳定金属间化合物[58]、降低孔隙率[59]和优化热处理[60]等
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方式，来提升 A319 合金的常温和高温力学性能。除此之外，当合金中的杂质 Fe 含量高于 0.5 wt.%时，会

生成硬而脆的 β-Fe(Al5FeSi)，对合金的力学性能产生有害影响；可通过优化Fe和Mn的含量，使 β-Fe(Al5FeSi)

相转化为呈块状和树枝状的 α-Fe(Al15(Fe, Mn)3Si2)相，并促进 Cu 元素的均匀分布，使 Al2Cu 强化相弥散分

布于 α-Fe 枝晶或 α-Al 晶界，热处理后以 θ’’或者 θ’相存在。归因于微观组织变化，新型共晶 Al-Si-Cu-Fe-Mn

合金在室温和 300 ℃下的抗拉强度分别为 336 MPa 和 144.3 MPa[61]。在此基础上，东南大学 Liao 等[62]对

Al-12Si-4Cu-1.2Mn 合金进行热处理调控，发现在最佳固溶温度和时间(510 ℃-5 h)下，其组织内部析出细

小弥散相 Al20Cu2Mn3 和 Al15Mn3Si2，使合金高温强度得到显著提升，250 ℃抗拉强度可达 191.9 MPa。 

Al-Si-Cu-Mg 合金是一种用途最广的典型合金，约占汽车部件铝合金 85~90%[63-64]，然而维持室温强度

的 β’’和 θ’’强化相在高温下会逐渐粗化。科研人员研究得出提高合金中 Cu、Mg 元素含量占比[65- 67]、加快

铸造过程的凝固速度[65, 68]、优化热处理[68]以及多级固溶处理[69]，可以有效提高合金的力学性能。除此之外，

Zr 微合金化 Al-Si-Cu-Mg 合金，可明显细化晶粒且形成了低扩散系数的含 Zr 析出相(Al-Si-Zr-Ti)和含 Cu

析出相(θ’和 Q’)，使合金在 200 ℃时的强度获得显著提升，屈服强度和抗拉强度相比于原始合金分别提高

了 26.5 %和 32.3 %(224 MPa 和 246 MPa)70]。过渡族元素 Cr、Ti、V、Zr 在 Al-Si-Cu-Mg 合金中可形成不

同形貌的 Cr/Ti/V/Zr 弥散相，其中 Al10.7SiTi3.6、Al21.4Si3.4Ti4.7VZr1.8 等相在 T6 热处理后仍稳定，促使微合

金化后的合金室温下屈服强度和抗拉强度分别提高 30 %和 5 %，200 ℃下屈服强度和抗拉强度分别提高

12.8 %和 4.9 %，300 ℃下屈服强度和抗拉强度可保持在 184 MPa 和 196 MPa[71]。 

Al-Si-Mg 系和 Al-Si-Cu 系铸造铝合金高温稳定性能有限，一般只能在 225 ℃以下服役[72]。研究表明

含 Ni 相在较高温度下仍能保持稳定，因此 Al-Si-Cu-Ni-Mg 铸造铝合金被广泛应用于大多数汽车发动机的

缸体和活塞，也被称为活塞合金[73-74]。随着发动机功率的不断提高，活塞的工作环境变得更加复杂和苛刻，

要求 Al-Si-Cu-Ni-Mg 活塞合金具有更加优异的抗蠕变性能、耐热性能以及抗疲劳性能。控制含 Ni 相的演

变促使其形成热稳定性能更好的弥散相，是 Al-Si-Cu-Ni-Mg 铸造铝合金的研究重点。Yang 等[75]发现在

Al-12.5Si-XCu-2Ni-1Mg(wt.%)合金中，Cu 含量的增加会促使 Al3Ni 相(ε 相)结合 Cu 元素逐渐转变为热稳定

性能更好的 Al7Cu4Ni 相(γ 相)，合金室温抗拉强度从 263.8 MPa 提高到 278.9 MPa，350 ℃高温下强度也由

78.1 MPa 升高到 93.5 MPa。Sui 等[76]发现向 Al-12Si-4Cu-2Ni-0.8Mg 合金中添加 Gd 元素，可使 Al3CuNi

相的形貌由针状转变为小块状，二次枝晶间距(SDAS)也由 23 μm 降低至 16 μm。在合金中添加 0.1 %Gd 可

以较好地改善 200 ℃以下的力学性能，相比原始合金室温抗拉强度提高 30 %(260.3 MPa)，200 ℃抗拉强度

提高 9.1 %(206.8 MPa)；添加 0.2 %Gd 的合金在 350 ℃下表现更佳，抗拉强度提高 8.9 %(76.1 MPa)。Gao

等[77]对 Al-13.5Si-3.8Cu-2Ni-Mg 进行 Zr 微合金化处理，发现添加 0.25 %Zr 元素之后，基体内形成了块状

ZrAlSi 金属间化合物，降低了初生 Si 的含量，合金 350 ℃下的抗拉强度和延伸率分别提高了 15.8 %、13 %。

Feng 等[78]研究了 ε-Al3Ni 相对 Al-Si-Cu-Mg-xNi 合金的组织和性能的影响，发现 ε-Al3Ni 相可有效提高合金
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在 350 ℃下的高温力学性能和显微硬度，如图 2(d)。对比 350 ℃热暴露 200 h 前后显微组织变化，如图 3

所示，可见 ε-Al3Ni 相具有优异的抗粗化能力和热稳定性。 

 

图 3  Al-12Si-2.5Ni-0.9Cu-0.8Mg 合金在 350 ℃热暴露 200 h 前后的微观组织[78] 

Fig. 3  Microstructure of the Al-12Si-2.5Ni-0.9Cu-0.8Mg alloys: (a) as-fabricated, (b) after thermal exposure at 350 °C for 200 h[78] 

1.2  其他铸造耐热铝合金 

1.2.1  Al-Cu 系铸造耐热铝合金 

相较于 Al-Si 系铸造耐热铝合金，Al-Cu 系合金因 Cu 元素的存在，具有更佳的耐热性能[79]和抗疲劳性

能[80-81]，但因缺少 Si 元素的存在，其铸造性能较差，成形窗口较小，易产生铸造缺陷[82]。目前该合金常

用于简单形状零件的制备，例如发动机气缸头和缸盖等。Samuel 等[83]采用铸造后放入冰水混合物提高凝固

速度的方法制备了新型 Al-27Cu-5Si 三元共晶合金，合金组织由不同长度尺度的二元和三元共晶组成，且

合金内具有更高的 θ-Al2Cu 强化相体积分数，造成合金硬度显著提升(224 HV)。相比 A319 合金，Al-27Cu-5Si

合金 200 ℃抗拉强度提高了 54 %(347.1 MPa)，300 ℃抗拉强度提高 139 %(217 MPa)。Chen 等[84]对

Al-5Cu-1Mn 进行 Ni 合金化，发现时效处理后基体内析出了细小析出相(θ’’)，该相可显著提升合金在 300 ℃

的力学性能，相较于原合金的抗拉强度提高 21.6 %。 

1.2.2  Al-Mg 系铸造耐热铝合金 

Al-Mg 系铸造铝合金具备良好的焊接性能、加工性能及耐腐蚀性能，也被称为耐蚀铝合金[85]。Al-Mg

系铸造耐热铝合金相较于 Al-Si 系合金缺少共晶 Si 的强化，室温强度较低；相比于 Al-Cu 系合金缺少热稳

定富铜相的强化，中高温强度也相对较低。Choi 等[86]制备了以 Co-Ni 基相强化的 Al-Mg-Si-Co-Ni 合金，

Co-Ni 相在 Al 基体中以 Al3(Ni, Co)存在，该相在 450 ℃高温仍对基体具备较好的强化作用，促使合金 450 ℃

时的抗拉强度可达 205.4 MPa，相比室温抗拉强度只下降了 50 MPa，表现出了优异的高温力学性能。 

表 1  铸造耐热铝合金室温及高温力学性能 

Table 1  Mechanical properties of cast heat-resistant aluminum alloys at room-temperature and high-temperature 
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Material 

 

HT 

 

Room temperature Elevated temperature  

Ref: UTS 

(MPa) 

YS 

(MPa) 

TE 

(%) 

T 

(℃) 

UTS 

(MPa) 

YS 

(MPa) 

TE 

(%) 

Al-7Si-0.4Mg(A356) T6 119.3 108.6 3.7 200 95.6 80.3 7.4 [46] 

Al-7Si-0.4Mg-0.22Er T6 165.8 139.2 5.6 200 115.7 104 12.7 [46] 

Al-7Si-0.4Mg-0.25Er-0.59Zr T6 181.1 160 7.4 200 139.9 123.3 16.9 [48] 

Al-.8.6Si-3.8Cu(A319) cast 211 155.7 2.0 300 93.5 82.1 8.5 [87] 

Al-13Si-5Cu-0.6Fe-0.6Mn T6 336 280 0.82 300 144.3 130 7.2 [61] 

Al-12Si-4Cu-2Mn T6 245  3.61 350 96  9.28 [88] 

Al-12Si-3.5Cu-2Mn-1Cr T6 279  3.3 350 106  8.8 [89] 

Al-7Si-0.5Cu-0.3Mg T6 282 261 2.74 200 224 177 3.39 [70] 

Al-7Si-2Cu-0.3Mg-0.2Zr T6 355 291 1.77 200 246 186 3.8 [70] 

Al-7Si-Cu-0.5Mg T6 301.3 230.7 6.2 200 217.6 198.4 1.7 [71] 

Al-7Si-Cu-0.5Mg-0.5Cr-0.4Ti-0.4V-0.25Zr T6 313 300 2.7 300 197.4 184 12.3 [71] 

Al-12Si-4Cu-2Ni-0.8Mg(M142) T6 240 225 <1.0 350 90  8 [14] 

Al-12Si-0.9Cu-4Ni-0.8Mg -    350 116  2.0 [78] 

Al-12.3Si-0.9Cu-4Ni-0.8Mg  208 172.9 0.52 250 187 141.3 0.73 [90] 

Al-12.9Si-5.5Cu-1.8Ni-1Mg T6 278.9   350 93.5   [75] 

Al-12Si-4Cu-2Ni-0.8Mg cast 200.3 174.6 0.72 350 69.9 53 13.5 [76] 

Al-12Si-4Cu-2Ni-0.8Mg-0.2Gd cast 247.2 192.9 0.91 350 76.1 61.8 9.75 [76] 

Al-13.5Si-3.8Cu-2Ni-Mg-2.5Zr T6    350 86.8 82.8 4.5 [77] 

Al-12.5Si-5Cu-2Ni-0.84Mg-0.5Fe T6    350 94.3  8.6 [91] 

Al-12Si-4Cu-2.7Ni-Mg-0.6Fe -    350 106 93 5.4 [92] 

Al-13Si-3.7Cu-3.2Ni-1.1Mg-0.8Fe-0.5Cr T6    350 98.6   [93] 

Al-Si-Ti-Zr-Cr-V-Ni  252 104 6.8 250 192  8.0 [28] 

Al-27.4Cu-5.4Si -    300 218.4 164.7 27.4 [83] 

Al-5Cu-1Mn-0.5Ni T6    300 141 117 4.7 [84] 

Al-5Cu-0.8Mg-0.3Ag - 516 482 9.5 350 99 89 18.2 [94] 

Al-5Cu-0.8Mg-0.3Ag-0.2Ce - 562 528 7.3 350 156 154 16.3 [94] 

Al-1Mg-1.1Si-0.8CoNi - 255.8 240.3 16 450 205.3 195.1 20.5 [86] 

1.3  铸造耐热铝合金的使役性能 

汽车发动机的缸体和活塞承受着热-力耦合循环载荷的长时间作用下，可能导致零件某位置疲劳裂纹的

萌生和扩展甚至完全断裂，最终造成汽车发动机的失效[95]。为了评估铸造耐热铝合金在中高温下长期工作

的寿命，研究疲劳性能对于耐热铝合金的发展具有重要意义。铸造耐热铝合金的疲劳研究主要集中在疲劳

裂纹扩展[96-97]、铸造缺陷[98-101]、加载频率[105]、应力应变比[106-107]、合金化元素含量优化(Cu、Fe)[78, 102, 104]

和热处理[108]等工艺和性能参数对疲劳性能的影响。Feng 等[78]研究了 ε-Al3Ni 相对 Al-12Si-0.9Cu-0.8Mg-xNi

铝合金 350 ℃低周疲劳性能的影响，发现 ε-Al3Ni 可有效提高合金的疲劳寿命。但当 Ni 含量为 4 %时，因

ε-Al3Ni 相的粗化，在最小的峰值位移的前提下合金的疲劳寿命最短；含 2.5 %Ni 合金具有最优异的低周疲

劳性能，在 350 ℃温度下低周疲劳强度系数为 198.3 MPa，疲劳强度指数为-0.1295。Wu 等[109]研究了
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α-Al15Mn3Si2相在室温和350 ℃下对Al-12Si-4Cu-1.2Mn铸造铝合金高周疲劳性能的影响，发现α-Al15Mn3Si2

相比 α-Al 对抗疲劳的贡献更大，在室温和 350 ℃下高周疲劳强度分别为 125.0 MPa 和 47.5 MPa，表现出

优异的抗疲劳性能。 

汽车发动机需长时间在高温复杂环境下稳定工作，其中热暴露实验是最能代表其真实工作环境的实验，

可见热暴露特性也应作为铝合金耐热性的考察指标。而且，铝合金在热暴露后显微组织将会发生变化，比

如可能新相形成、晶界无析出带(PFZ)发展、析出相和金属间化合物粗化以及位错和微裂纹变化，进而将影

响铝合金的力学性能[110-111]。近几年对铸造耐热铝合金热暴露性能的研究发现，热暴露性能的提升主要是

因 Al3Sc 相和纳米 Si(syn)相[112]、弥散分布的 Al3Zr 析出物[113]、ε-Al3Ni 相[78]、条状的 δ-Al3CuNi 相[114]、

Al20Cu2Mn3相[118]、纳米 Al11Cu5Mn3相[115]、块状和树枝状的 α-Fe(Al15(Fe, Mn)3Si2)富铁相[61, 118]、α-Al(Mn, 

Fe)Si 弥散相[116]、汉字状 Al20Cu2Mn3和 Al15Mn3Si2 富锰弥散相[62]、Al15Mn3Si2 共晶富锰相[117]的存在。Lin

等[122]对不同 Cu、Ti 含量的 Al-Si-Cu-Mn-Fe 合金进行 300 ℃热暴露 100 h 实验，发现热暴露后的高温力学

性能随着 Cu、Ni 元素含量的增加而提高，在热暴露 0.5 h 后因 θ(Al2Cu)强化相的存在强度下降不多；在热

暴露 10 h 后 θ(Al2Cu)强化相的逐渐粗化导致力学性能迅速下降 45.9 %；在继续热暴露到 100 h 时，因为热

稳定性能优异的 Al20Cu2Mn3 相和 α-Fe(Al15(Fe, Mn)3Si2)相的存在，强度只下降了 4.3%。 

 

2  快凝耐热铝合金 

 

时效强化是目前标准系列铝合金的常见策略，然而大多数的析出相在高温下会逐渐粗化并失去对铝基

体的钉扎作用。随着快速凝固技术的逐渐成熟，为弥散强化型耐热铝合金的研制提供了一种新的解决思路

[119-120]。快速凝固技术相比传统铸造工艺极大地提高了合金的凝固速度以及合金元素在铝基体中的过饱和

固溶度，促使形成更高体积分数和热稳定的细小弥散相，进而有效提高合金的强度与耐热性能[121-122]。比

如 Wang 等[123]采用喷射沉积技术制备了由 Cu、Mg、Fe 合金化的过共晶 Al-Si 合金，归因于快速凝固技术

较高的冷却速率，铝基体中均匀分布着颗粒状 Si 弥散体和片状金属间化合物(δ-Al4FeSi2 和 β-Al5FeSi 相)，

相比粉末冶金的 Al-20Si-3Cu-1Mg 合金[124]具有更优异的高温强度。 

2.1  快凝耐热铝合金的制备工艺 

目前快凝耐热铝合金的传统制备工艺主要包括：平面流铸造法[125]、气雾化法[126]和喷射沉积法[127]。三

种工艺均具备较大冷却速度，其中平面流铸造法冷却速度为 105~106 K/s，气雾化法冷却速度为 103~104 K/s，

喷射沉积法冷却速度最低，约 103 K/s 左右。以上工艺可总结为使用不同的方法使熔融金属分解为薄带或

液滴状，以增大冷却速度实现快速凝固，各有其特色与优势。快速凝固技术作为新材料制备技术的典型代
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表，过程稳定可控，在成形耐热铝合金方面占据着重要地位。 

平面流铸造法(planar flow casting, PFC)由美国公司 Allied-Signal 于 1979 年最先提出[128]，如图 4(a)所示

[125]，其基本原理为：熔融金属从金属坩埚压注入到高速旋转的铜辊（或钼辊）上，由表面张力将熔融金

属保持为稳定的液桥，并在辊面形成液膜，接触到辊面后受到急速冷却作用而凝固成连续薄带，所得薄带

的宽带和厚度由辊轮的转速来控制。平面流铸造法冷却速度可达 105 K/s，合金疲劳强度和断裂韧性较高。

然而，制备为薄带合金后，还需粉碎、粉末筛选、粉末冶金等后续复杂工艺，生产成本高[129]。 

雾化法中最常用的是美国麻省理工 Grant 教授的超声雾化法和 Pratt-Whitney 公司研发的离心雾化法，

如图 4(b)所示[130]。其基本原理为：在高速高频的脉动气流或者高速转盘产生的离心力作用下，熔融合金被

外力分割为均匀细小的液滴，再通过惰性气体强制对流等方式传导散热而迅速冷却成粉末[131-134]。这种方

法典型特征是冷却速度可达 103~104 K/s，粉末球形度高，尺寸更为细小并且适合小部件的制备[135-137]。 

喷射沉积技术最早由 1968 年英国 Singer 教授提出，后由英国 Osprey 公司实现工业化[138]，如图 4(c)

所示[139]，其基本原理为：经真空感应熔化处理后的液态金属，通过 Osprey 装置雾化为细小的液滴后，喷

射在金属基底上。依靠基底的急速热传导使液滴迅速凝固而沉积，便逐渐形成具有一定致密度和结合强度

的预制坯料，再经过变形加工等方式得到所需产品。喷射沉积技术是在雾化法的基础上发展而来，其更大

优势是可将雾化制粉和固化成形无间断完成，进而更有效控制氧含量、减少粉末污染；还可直接制备较大

尺寸的致密金属实体，从而缩短工艺流程、降低成本[140-141]。但是，喷射沉积技术冷却速度较低，导致零

件性能低于其他快凝技术。 

 

图 4  平面流铸造、雾化法、喷射沉积原理示意图[125, 130, 139] 

Fig. 4  Schematic diagram of (a) planar flow casting[125], (b) as atomization[130], (c) spray deposition[139] 

2.2  Al-Fe 系快凝耐热铝合金 

快速凝固技术为 Al-Fe 系合金制备开辟了一条新的途径。在过去铸造工艺过程中，铁元素常被认为是

一种有害的杂质，因为其在铝基合金中的溶解度非常有限而且在缓慢冷却下常生成粗大且脆性的金属间化
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合物，例如 Al13Fe4(θ)[142]。然而现在，铁元素被发现在热稳定性上有不错的增强潜力，因为铁元素在铝基

合金中的扩散系数比其他典型合金元素(Si、Cu 和 Mg)低好几个数量级。在借助快速凝固技术提高 Fe 元素

在铝基体中的固溶度下，可以形成热稳定性不错的金属间化合物。目前由快速凝固技术和粉末冶金制备的

Al-Fe 系快凝耐热铝合金在高温下有不错的力学性能表现，甚至可与航天用钛合金相比[132, 142-143]。 

2.2.1  Al-Fe-V-Si 快凝耐热铝合金 

由美国联合信号公司(Allied Signal)研发的经典快凝耐热铝合金 Al-Fe-V-Si，因其断裂韧性高、比刚度

大、室温和高温强度优异等优点，被寄望于成为航空航天领域钛合金的替代品[144-146]。同样，Al-Fe-V-Si

合金优异的力学性能与凝固速率有很大的关系，提高冷速可抑制合金内针状 Al13Fe4 相的生成，而形成热

稳定的 Al12(Fe, V)3Si 强化相，从而有效提高合金的耐热性，可见利用快速凝固技术制备 Al-Fe-V-Si 耐热铝

合金的必要性[147]。 

Al-8.5Fe-1.3.V-1.7Si(AA8009)作为采用快速凝固技术/粉末冶金技术(RS/PM)的制备工艺开发出最具代

表的快凝耐热铝合金，合金中含有体积分数约 24 %的 Al12(Fe, V)3Si 耐热强化相，相比铸造耐热铝合金具

有更佳的高温力学性能[148]。例如 AA8009 在室温和 250 ℃下抗拉强度可达 400 MPa 和 300 MPa，而铸造

活塞合金 Al-12.3Si-0.9Cu-4Ni-0.8Mg(M142)在室温和 250 ℃下抗拉强度只有 208 MPa 和 187 MPa[90]。Wang

等[149]通过喷射沉积技术制备了 Al-8.5Fe-1.1V-1.9Si 耐热铝合金，发现喷射沉积技术可抑制低凝固速率形成

的粗大且脆性的初晶硅晶体和枝晶间共晶相，并且在铝基体上弥散分布着热稳定良好的细小球状 Al12(Fe, 

V)3Si 颗粒，如图 5(a-b)，从而使其具有优异的室温和高温力学性能，室温和 300 ℃下抗拉强度可达 445 MPa

和 229 MPa。 

2.2.2  Al-Fe-Ni 及 Al-Fe-Ce 快凝耐热铝合金 

Průša 等[150]用离心雾化技术制备出片状颗粒粉末，再结合粉末冶金工艺和热挤压制备出 Al-12Fe 和

Al-7Fe-5Ni 合金。对比相应铸造合金显微组织，快凝合金虽未发现新亚稳相的生成，但其显微组织更加细

化，没有铸造合金中粗大且细长的金属间化合物，而是以细小共晶的金属间化合物(Al13Fe4 和 Al9FeNi)均

匀弥撒分布在铝基体中，如图5(c-f)。对比铸造Al-12Si-1Cu-1Mg-1Ni合金，快凝Al-Fe合金经300 ℃和400 ℃

退火 100 h 后硬度和压缩屈服强度几乎无变化，而铸造合金下降到退火前的 50 %；快凝 Al-7Fe-5Ni 合金在

300 ℃温度和 120 MPa 压力的压缩蠕变实验中总蠕变应变只有 15 %，而铸造合金高温抗蠕变性能最差，总

蠕变应变是 Al-7Fe-5Ni 三倍多(50 %)。事实证明，通过离心雾化法和粉末冶金热挤压制备的 Al-12Fe 和

Al-7Fe-5Ni 合金相比铸造合金具有优异的热稳定性。 

同济大学王嘉婧等[151]采用平面流铸造法制备了 Al-7Fe-4Ce 合金薄带，并研究了退火处理对合金物相

及力学性能的影响。初始状态下，薄带内析出相主要有初生相 Al3Fe、亚稳相 Al6Fe 和 Al10Fe2Ce。在 340 ℃

退火处理后，合金显微组织保持稳定并且其物相几乎无变化(Al6Fe 不转变、Al3Fe 不粗化)，可说明合金在
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340 ℃时可保持较好的热稳定性。 

 

 

 

图 5  颗粒状 Al15(Fe, V)3Si 化合物电子显微镜照片，铸造和快凝制备的 Al-12Fe 及 Al-7Fe-5Ni 显微组织[140, 150] 

Fig. 5  TEM micrograph showing particle-like phases of the Al15(Fe, V)3Si compound: (a) Bright-field image; (b) selected area 

diffraction pattern, B=[0 1 1][150]; Microstructures of the slowly solidified alloys: (c) Al–12Fe; (d) Al–7Fe–5Ni; TEM brightfield 

micrographs of the PM alloys: (e) Al–12Fe; (f) Al–7Fe–5Ni[140] 

 

3  增材制造耐热铝合金 

 

近年来，金属增材制造(additive manufacturing, AM)因其能够制备尺寸精度高且机械性能良好的高致密
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复杂构件，同时缩短生产周期和减少材料浪费的优势，逐渐成为国内外制备航空零部件的关键技术[152-155]。

此外，最具有发展前景的选区激光熔化(selective laser melting, SLM)技术为耐热铝合金力学性能的提升带来

了新的技术突破[156-158]。相比快速凝固技术，SLM 过程中熔池的冷却速率至少高出 1~2 个数量级(~107 

K/s)[159-161]，从而获得更加细小的微观组织并且析出更高浓度的强化相，显著提高铝合金的高温性能[162]。

然而，在 SLM 复杂热循环的过程中，因铝合金粉末反射率高、热导率高、凝固范围大且流动性较差的特

性，铝合金部件易形成气孔和热裂缺陷[163-165]，比如 Al7075[166]、AA8009[167]、Al2618[168]、Al2124[169]和

Al2024[170]。因此，目前铝合金的增材制造一直局限于共晶或近共晶 Al-Si 合金，如 AlSi12[171-172]、

AlSi10Mg[173-174]和 AlSi7Mg[175]等。原因在于 Al-Si 合金具有较窄的凝固区间，在 SLM 快速凝固过程中具

有良好的流动性和较低的热裂倾向[176-177]。然而，由于高温下其微观组织表现不稳定（富硅晶界断裂）[178-179]，

Al-Si 合金在 200 ℃下的抗拉强度却只有室温的 50 %左右，且高于此温度时几乎无塑性[119]，如图 9 所示。 

综上可见，开发适用于选区激光熔化的新型高强耐热铝合金成分是十分必要的[180-181]。要求其在尽量

减少气孔、裂纹等缺陷的前提下，在室温下具有足够的强化机制，并且在中高温(250 ℃以上)下仍能保留

很高的强度（在高强与耐热两个特性之间取得平衡）[182]。因此，需要在基体内形成热稳定性更佳的强化

相来提升其耐热性能。耐热强化相可大体分为三大类：热稳定的共晶相、低粗化率的析出相和超高熔点的

陶瓷相[183-184]。以此为目的，提高铝合金耐热性主要有三条策略：1）引入过渡金属元素(transition metal, TM)，

形成高体积分数的共晶相；2）添加稀土元素或过渡金属元素(如 Sc、Er、Zr)微合金化，再通过时效处理析

出粗化率低的析出相；3）添加陶瓷颗粒为增强相。三种策略互相并不排斥，合金设计可能采用其中一种

或者多种策略进行耐热性能协同增强。 

3.1  Al-TM 耐热共晶铝合金 

含过渡金属的铝合金是借助快速凝固/粉末冶金技术应运而生的，在 300~350 ℃内具有广阔的应用前景

[164, 185-187]。其微观组织设计思路大体为添加扩散系数较低的过渡金属元素 TM(如 Mn、Cr、Fe、Ni 和 Ce

等)，并借助快速凝固技术或 SLM 技术的非平衡凝固特性，在铝基体内形成高体积分数(>~20 %)的热稳定

AlxTMy 共晶相。通常，Al-TM 合金是基于共晶或者近共晶成分，是因为较小的凝固区间可以大大减少热

裂倾向，形成细晶组织，例如 Al-Fe-V-Si[167, 187]、Al-Fe-Ni[188-189]、Al-Ni[158, 190]和 Al-Ce[182, 191]合金。 

3.1.1  Al-Fe 系耐热共晶铝合金 

据报道，Al-Fe 合金在铸造慢速凝固过程中容易形成粗大、片状或者针状的 θ-Al13Fe4 和 β-Al5FeSi 金属

间化合物，大大降低合金韧性和力学性能[192-193]。借助 SLM 技术独特的局部熔化和快速凝固过程，Fe 元

素在铝合金以 Fe-Si-Ni 颗粒的形式分散，有效提高合金在 300 ℃下的抗拉强度和延展性(185 MPa，24 %)[194]。

SLM 制备的近共晶 Al-2.5Fe 合金[195]和过共晶 Al-15Fe 合金[196]，都具有多个熔池组成的独特显微组织和弥

散分布的细小亚稳态 Al6Fe 金属间化合物，如图 6 所示。相比传统铸造，合金强度和塑性得到了有效提升，
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近共晶 Al-2.5Fe 合金硬度相比含有粗大、片状 θ-Al13Fe4 相的铸造合金提高了一倍多[195]；过共晶 Al-15Fe

合金细化的组织在 300 ℃下表现稳定，且维氏硬度在时效 100 h 后仍能稳定在 165 HV[192]。 

  

  

图 6  Al-2.5Fe 与 Al-15Fe 合金的多熔池显微组织及亚稳态 Al6Fe 金属间化合物[192, 195] 

Fig. 6  Optical microstructure (a, c) and metastable Al6Fe phases (b, d) in Al-2.5Fe(a, b)[195] and Al-15Fe (c, d)[192] alloys 

由于 Fe 和 Ni 元素在铝中的扩散系数较低且快速凝固技术可抑制粗大的脆性初生相[139, 196]，SLM 技术

制备候选 Al-Fe-Ni 耐热铝合金逐渐引起人们极大的兴趣。俄罗斯乌拉尔联邦大学 Loginova 等[191]和上海交

通大学 Ding 等[158]都设计了一种适应 SLM 独特成形特性的新型耐热 Al-Fe-Ni 合金，并对比研究了不同制

备工艺（铸造和 SLM 技术）对 Al-Fe-Ni 合金显微组织和相的影响。发现在最佳的工艺参数下 SLM 技术的

快速凝固可有效抑制初生 Al9FeNi 相的形成，并促进组织的细化以及共晶 Al9FeNi 相的均匀分布。在力学

性能方面，SLM 制备 Al-Fe-Ni 合金在室温下其硬度可达铸态合金的 2~3 倍；在 300 ℃下，棒状 Al9FeNi

金属间化合物具有良好的热稳定性如图 7 所示[189, 158]。 

北京航空航天大学郑立静等[197-198]在 SLM 成形 Al-8.5Fe-1.3V-1.7Si(FVS0812)耐热铝合金方面开展了

较多研究工作，发现合金组织由 α-Al 基体、纳米级 Al12(Fe, V)3Si 相(20-70 nm)和少量 AlmFe 相组成。发现

优化工艺参数可消除因粗大 AlmFe 相和热残余应力导致的周期性裂纹，从而提升致密度至 99.3 %，并显著

提高合金的力学性能，抗拉强度可达 454 MPa，硬度可达 250 HV，相较与平面流铸造法和喷射沉积法
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(130-158 HV)有较大的提升。在热稳定方面，Al-8.5Fe-1.3V-1.7Si 合金在 400 ℃退火 1 h 后在晶粒和晶界处

析出细小 Al12(Fe, V)3Si 弥散相，且其硬度在退火后仍可保留 180 HV；随后在 425 ℃热暴露 500 h，对比热

暴露前后微观组织发现 AlmFe 和 Al12(Fe, V)3Si 相的粗化可忽略不计，如图 8 所示，导致合金硬度在热暴露

10 h 后可一直稳定保持在 150 HV，展示出 Al-8.5Fe-1.3V-1.7Si 合金优异的耐热性能。 

 

 

图 7  Al-Fe-Ni 合金在 300 ℃退火 1 h 前后的显微组织[158, 189] 

Fig. 7  SEM images of the microstructure: (a, c) as-fabricated, (b, d) annealed at 300 ℃ for 1 h in Al-1.75Fe-1.25Ni(a, b)[189] and 

Al-2.5Fe-7.5Ni (c, d)[158] alloys 

 

图 8  Al-8.5Fe-1.3V-1.7Si 合金在退火前后和热暴露的显微组织[198] 

Fig. 8  SEM images of the microstructure (a) as-built, (b) after annealing at 400 ℃ for 1 h,(c) after thermal exposure at 425 °C for 

500 h in Al-8.5Fe-1.3V-1.7Si alloys[198] 
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3.1.2  Al-Ni 及 Al-Ce 系耐热共晶铝合金 

Al-Ni 及 Al-Ce 系共晶合金具有优异的热稳定性、流动性及抗热裂性能，有望取代 Al-Si 系合金[191, 199]。

研究证实了 Al-Ni 共晶合金在 SLM 技术下可形成高致密度(99.83 %)的高强耐热合金零件[158]。在弥散分布

的细小共晶相(Al3Ni)作用下，促使 Al-Ni 合金具有良好的力学性能，室温和 300 ℃下的抗拉强度分别可达

410 MPa 和 140 MPa，如图 9 所示。Chang 等[190, 199]研究了热处理对 SLM 制备 Al-Ni-Cu 和 Al-Ni-Cu-Fe-Zr-Sc

耐热铝合金组织演变和纳米沉淀的影响，发现常规热处理使 Al7Cu23Ni 相析出并聚集于 Al-Ni-Cu 合金熔池

边界，提高了延伸率却削弱了抗拉强度，还使其具有了脆性疲劳断裂性能；而超高温固溶处理促使

Al-Ni-Cu-Fe-Zr-Sc 合金熔池边界的分解和细晶区的扩展，并在细晶区分布着 Al9Fe(Cu)Ni 和 Al3(Sc, Zr)纳米

强化相，有效提高合金强度，改善合金高温力学性能。 

俄罗斯国立科技大学 Manca 等[191]对 Al-3Ce-7Cu 耐热铝合金 SLM 打印试样的组织和性能进行了系统

研究。Al-3Ce-7Cu 合金内部为细小 Al11Ce3 和 Al6.5CeCu6.5 共晶相，在对其进行 400 ℃-5 h 退火处理后，

Al6.5CeCu6.5相尺寸无显著变化且合金硬度只略有下降；在力学性能方面，合金在常温条件下抗拉强度为 459 

MPa，250 ℃抗拉强度为 197 MPa，并且热处理前后的力学性能几乎相同，Al-3Ce-7Cu 合金表现出良好的

耐热性和高温力学性能。美国橡树岭国家实验室[182, 185]也开展了 SLM 制备 Al-12Ce 和 Al-10Ce-8Mn 合金

的相关研究。结果发现，Al-12Ce 合金在 300 ℃退火 24 h 后没有表现出显微组织粗化，且硬度一直稳定在

85 HV；Al-10Ce-8Mn 合金通过 SLM 快速凝固过程可使组织细化，并在基体内部形成大量 Al20Mn2Ce 和

Al11Ce3 金属间化合物，借此 Al-10Ce-8Mn 合金在 300 ℃时的力学性能仍可保持较稳定，如图 9 所示。可

见 Al-12Ce 和 Al-10Ce-8Mn 合金优异的耐热性能。 

3.1.3  其他合金 

Al-Si(-Mg)系列合金在高温下因蜂窝状共晶结构被破坏，没能表现出稳定的高强度[200]。向 Al-Si 合金

添加不同的合金元素，可以提高合金材料的综合力学性能[201-202]。研究发现 Ni 可以减少针状沉淀 Al-Fe-Si

的尺寸，从而提高合金的机械性能[203]。Manca 等[204]向 Al-Si 合金中添加了扩散系数较低的 Ni 和 Fe 元素，

并利用 SLM 技术制备了新型耐热 Al-Si-Ni-Fe 合金。在 Si、Al5Fe(Ni, Cu)和 Al3(Ni, Cu)纳米级析出相形成

的精细结构下，Al-Si-Ni-Fe 合金硬度可达 186 HV，且在 200 ℃时合金具备 355 MPa 的高压缩强度，400 ℃

仍可保留 125 MPa。Al-Ca-Ni-Mn 过共晶合金中 Al4Ca 共晶相具备较高热稳定性，合金在 200-400 ℃区间

显微硬度值未出现明显降低[205]。 
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图 9  增材制造耐热铝合金高温拉伸性能(YS、UTS 和 EL)随测试温度的变化[119, 156, 158, 182, 218, 224-225, 228-229, 244-245] 

Fig. 9  High-temperature tensile properties ((a) yield stress, (b) Ultimate tensile stress, and (c) elongation at break) of Al-Si-Mg[119], 

Al-Fe[156], Al-Ni[158], Al-Ce-Mn[182], Al-Mg-Sc-Zr[218], Al-Mg-Zr[244], Al-Mg-Si-Sc-Zr[224], Al-Sc-Zr[225], Al-Cu-Mn-Zr[245], 

Al-Cu-Mg-Ni-Fe-Ti-B[229] and Al-Si-Mg+2vol.%TiCN[228] samples as a function of testing temperatures. 

3.2  沉淀强化耐热铝合金 

由于常规商用的 2xxx、6xxx 或 7xxx 合金材料凝固区间较大，在 SLM 复杂热循环的快速熔化再凝固

过程中，晶粒趋向于沿打印方向生长形成柱状晶组织或者形成更严重的裂纹或微裂纹缺陷[206-208]。美国加

利福尼亚大学 Martin 等[209]在 Nature 发文指出，通过静电吸附向铝合金粉末表面引入纳米 ZrH2 粒子，利用

Al3Zr 的异质形核效果，可实现了 7075 和 6061 铝合金的无裂纹细晶粒增材制造。研究人员总结发现通过

向铝合金中添加 X 元素(X=Sc、Zr、Ti、Er 等)，均可与基体形成具有 L12 型结构的 Al3X 相，该相可作为

异质形核质点促进晶粒细化[210-212]；还可作为热稳定的析出相存在，在 250~400 ℃温度区间内长时间保持

与基体的位向关系，钉扎晶界，一方面阻碍位错滑移，导致位错堆积，另一方面抑制晶界运动，提高塑性

变形的抗力，沉淀的钉扎效应如图 10 所示[213-214, 224]。 
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图 10  沉淀的钉扎效应：(a)位错，(b)晶界[224] 

Fig. 10  Pinning effect of precipitation: (a) dislocation, (b) grain boundary.[224] 

3.2.1  Al-Mg 沉淀强化耐热铝合金 

由中客公司研发的新一代 Sc、Zr 微合金化 Al-Mg 合金(Scalmalloy®)，在 SLM 制备工艺下具有优异的

力学性能[215-216]、热稳定性[216-218]和各向同性[216, 219]，受到高强耐热铝合金研究人员的广泛关注。Spierings

等[215-216]对 SLM 成形 Al-Mg-Sc-Zr 合金的组织和性能进行了大量研究，在超细晶组织和热稳定 Al3(Sc, Zr)

析出相的钉扎作用下，合金在 350 °C 保温 4 h 热处理后合金表现出优异的抗拉强度(500 MPa 以上)、延伸

率(8.6 %以上)、硬度(137 HV)以及各向异性(5 %以下)；在耐热性能方面，对比发现在 350 °C 热处理前后

晶粒平均尺寸几乎无变化，如图 11(a-c)，证明了 Al-Mg-Sc-Zr 合金可承受约 300 ℃高温。Bi 等[218]研究在

长期时效下 Al-Mg-Sc-Zr 合金的耐热性能表现，发现在 300 ℃长期时效 144 h 过程中晶粒形态基本保持不

变，如图 11(g-i)，在 200 ℃下抗拉强度高达 393.9 MPa，如图 9 所示。该合金细小的晶粒组织以及具有核-

壳结构、与 Al 基体保持着共格关系以及热稳定的 Al3(Sc, Zr)弥散析出相对其优异的耐热性能和高温力学性

能做出了至关重要的贡献。 

3.2.2  Al-Mg-Si 及 Al-Mn 沉淀强化耐热铝合金 

除了 Al-Mg 合金外，Sc 和 Zr 微合金化有效提高力学性能和耐热性能的效果也成功应用在其他铝合金

中[220-226]。Al-Mg-Si-Sc-Zr 合金在弥散分布的 Mg2Si 和 Al3(Sc, Zr)沉淀的钉扎效应下，如图 10 所示，室温

抗拉强度高达 488 MPa，200 ℃中温下任保持在 394 MPa，如图 9 所示，具有优异的高温力学性能[224]。Cr

和Zr合金化的铝合金(Al-4Cr-1.5Zr)在 400 ℃/10 h峰值时效下维氏硬度可有 130 HV且具有抗过时效能力，

峰值时效后室温抗拉强度在 400 MPa 以上，且相比 Al-Si-Mg 合金具有优异的高温强度，如图 9 所示[225]。

专为 SLM 设计的 Al-Mn-Sc 耐热铝合金，合金最大强度可达 580 MPa，在 350 ℃和 450 ℃等温时效 6 h 过

程中，热稳定的 Al6Mn 和 Al3Sc 颗粒对晶粒粗化有强烈的抑制作用，进而保证合金组织和性能的稳定[226]，

如图 11(d-f)。 
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图 11  Al-Mg-Sc-Zr 和 Al-Mn-Sc 合金在不同时效条件下的微观组织和晶粒尺寸统计[215, 218, 226-227] 

Fig. 11  Back scattered electron microscopy image of (a) heat treated (350 °C/4 h) Al-Mg-Sc-Zr, (b) magnification of Al-Mg-Sc-Zr 

in FG region[215], EBSD images of the microstructure after different aging treatment conditions: (d) 300°C for 5 h, (e) 350°C for 6 

h[226], (g) as-fabricated[227], (h) 275°C for 144 h[218] in the SLM-fabricated Al-Mg-Sc-Zr[218, 227] and Al-Mn-Sc[226] alloy samples, 

(c)(f)(i) Grain size distribution of the Al-Mg-Sc-Zr and Al-Mn-Sc alloy samples[215, 218, 226] 

3.3  陶瓷颗粒增强耐热铝合金 

与共晶和沉淀强化铝合金不同，陶瓷颗粒增强铝合金是向熔融铝基体中添加超高熔点(>1000 ℃)且不

可溶的纳米陶瓷颗粒(如 TiCN[228]、TiB2
[229-231]、SiC[232-233]、TiC[234-237]等)以钉扎晶界，限制晶粒生长和位

错运动，这对提高铝合金的高温力学性能起着至关重要的作用。分散的纳米陶瓷颗粒不仅可用于增强合金

耐热性，同时还可以促进晶粒的异质形核，进而细化晶粒和降低材料的热裂敏感性[228-229, 238-239]，使得铝合

金可加工性和力学性能显著提高。 

3.3.1  Al-Si-(Mg)陶瓷颗粒增强耐热铝合金 

目前，增材制造的陶瓷颗粒增强铝基复合材料公开研究主要集中在 Al-Si-(Mg)合金[183]，其中 TiC 陶瓷

颗粒占有重要地位。因为 TiC 颗粒除了拥有许多优异的物理性能，而且相比 SiC 颗粒很少在铝基体中生成

额外的脆性相，从而避免硅化钛可能产生的毒化效应[240-242]。并且 TiC 颗粒在 AlSi10Mg 合金的成形过程

中诱导异质成核细化 Al-Si 双峰组织，并且在高温变形过程中有效钉扎晶界、阻碍位错运动；相比原合金，

TiC 增强 AlSi10Mg 合金在任何温度下都具有更高的屈服强度并且在所有中高温下拥有更高的抗拉强度，
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如图 9 所示[228]。 

3.3.2  Al-Cu 陶瓷颗粒增强耐热铝合金 

除了 Al-Si-(Mg)合金以外，研究人员还对陶瓷颗粒增强商用纯铝和 Al-Cu 合金[183]进行了系列研究，研

究表明 TiC 颗粒在纯铝和 TiB2 颗粒在 Al-Cu 合金各有不错的表现。因为 TiC 陶瓷颗粒在铝基体中的化学稳

定性高于 780 ℃并且与熔融铝有良好的润湿性，作为纯铝的高密度分散纳米颗粒是不错选择[237, 243]。基于

高体积分数 TiC 的 Orowan 强化、晶粒细化、载荷转移及强界面结合的强化机制下，Al-TiC(35 Vol.%)纳米

复合材料的微压缩试验中屈服强度高达 1011 MPa，延伸率超过 10 %，并且在 400 ℃微压缩试验仍可保留

243 MPa，延伸率超过 15 %。TiB2 颗粒在 Al-Cu-Mg-Ni-Fe(EN AW 2618)合金中促进晶 α-Al 晶粒的异质形

核和微观结构的细化，从而解决了 2618 铝合金 SLM 难加工性和易开裂的问题；在优化工艺条件下，

TiB2/2618 复合材料在 T5 热处理下屈服强度可达 495 MPa，并且相比锻造制备的 2618 合金具有更高的高

温机械强度，如图 9 所示[237]。 

 

4  结语和展望 

 

耐热铝合金材料因其出色的高温抗氧化、抗蠕变能力，在航空航天和汽车领域具有广泛应用。其高温

性能是决定零件结构设计和服役安全的关键，由室温强度和高温强度的衰减率两个因素决定，因此保证高

温微观组织稳定性和强化效果是提升其耐热性能的主要手段。 

当前耐热铝合金发展所面临的主要问题有： 

1) 如何通过成分设计+快速凝固制备工艺获得兼顾细晶和弥散分布纳米相的组织形貌是制备耐热铝

合金的首要问题； 

2) 如何调控纳米析出相尺寸、含量、与基体位向关系，使合金在兼具较高耐热性和较好的力学性能； 

3) 除高温强度外，耐热铝合金的蠕变性能，热疲劳性能及热暴露性能等研究相对薄弱； 

4) 耐热铝合金的强韧化机制与耐热机理仍需进一步深入研究。 

综合耐热铝合金的研究现状及应用需求，耐热铝合金未来发展主要集中在： 

1) 通过热力学计算和计算相图法，对合金成分进行设计，获取适合于快速凝固工艺的合金成分，探索

新型的合金体系； 

2) 研究高热稳定析出相与基体的关系，系统研究合金高温综合性能，并建立微观组织-综合性能的联

系； 

3) 深入了解耐热铝合金高温时的强韧化机制与耐热机理，为其合金成分设计及制备奠定理论基础。 

 



                               中国有色金属学报                                             2022 年 0x 月 

 

 

20

REFERENCES 

[1] WANG G Q, ZHAO Y H, TANG Y Y. Research progress of bobbin tool friction stir welding of aluminum 

alloys: a review[J]. Acta Metallurgica Sinica (English Letters), 2020, 33(1): 13-29. 

[2] OVIDKO I A, VALIEV R Z, ZHU Y T. Review on superior strength and enhanced ductility of metallic 

nanomaterials[J]. Progress in Materials Science, 2018, 94: 462-540. 

[3] ZHOU X L, FENG Z Q, ZHU L L, et al. High-pressure strengthening in ultrafine-grained metals[J]. Nature, 

2020, 579(7797): 67-72. 

[4] 王建国, 王祝堂. 航空航天变形铝合金的进展(1)[J]. 轻合金加工技术, 2013, 41(9): 1-10. 

WANG Jian-guo, WANG Zhu-tang. Advance on wrought aluminium alloys used for aeronautic and 

astronautic industry(1)[J]. Light Alloy Fabrication Technology, 2013, 41(9): 1-10. 

[5] 聂祚仁, 文胜平, 黄晖, 等. 铒微合金化铝合金的研究进展[J]. 中国有色金属学报, 2011, 21(10): 

2361-2370. 

NIE Zuo-ren, WEN Sheng-ping, HUANG Hui, et al. Research progress of Er-containing aluminum alloy[J]. 

The Chinese Journal of Nonferrous Metals, 2011, 21(10): 2361-2370. 

[6] 陈金龙. 新型耐热铝合金成分设计及组织性能研究[D]. 东南大学, 2020. 

CHEN Jin-long. Studies on composition-constituent design and mechanical properties of novel 

heat-resistant aluminum alloys[D]. Southeast University, 2020. 

[7] 高一涵, 刘刚, 孙军. 铝合金析出强化颗粒的微合金化调控[J]. 中国材料进展, 2019, 38(3): 231-241. 

GAO Yi-han, LIU Gang, SUN Jun. Tailoring the strengthening particles in aluminum alloys by 

Microalloying[J]. Materials China, 2019, 38(3): 231-241. 

[8] POLMEAR I J, PONS G, BARBAUX Y, et al. After concorde: evaluation of creep resistant Al-Cu-Mg-Ag 

alloys[J]. Materials Science and Technology: A, 1999, 15(8): 861-868. 

[9] 张新明, 刘胜胆. 航空铝合金及其材料加工[J]. 中国材料进展, 2013, 32(1): 39-55. 

ZHANG Xin-ming, LIU Sheng-dan. Aerocraft aluminum alloys and their materials processing[J]. Materials 

China, 2013, 32(1): 39-55. 

[10] POLMEAR I J, COUPER M J. Design and development of an experimental wrought aluminum alloy for 

use at elevated temperatures[J]. Metallurgical Transaction A, 1988, 19A: 1027-1035. 

[11] 贾祥磊, 朱秀荣, 陈大辉, 等. 耐热铝合金研究进展[J]. 兵器材料科学与工程, 2010, 33(2): 108-113 

JIA Xiang-lei, ZHU Xiu-rong, CHEN Da-hui, et al. Research development of heat-resistant aluminium 

alloys[J]. Ordnance Material Science and Engineering, 2010, 33(2): 108-113. 



第 3x 卷第 00 期                              毕江，等：铸造、快凝及增材耐热铝合金的研究进展 

 

21 

[12] 李松瑞, 袁朝晖, 唐仁政. 机械合金化及其制备 PM 耐热铝合金的进展[J]. 铝加工, 1996, 19(6): 37-41. 

LI Song-rui, YUAN Zhao-hui, TANG Ren-zheng. Progress in mechanical alloying and preparation of PM 

heat-resistant aluminum Alloy[J]. Aluminum Processing, 1996, 19(6): 37-41. 

[13] DAS S K, BYE R L, GILMAN P S. Large scale manufacturing of rapidly solidified aluminum alloys[J]. 

Materials Science and Engineering: A, 1991, 134: 1103-1106. 

[14] Kim Y W. Advanced aluminum alloys for high temperature structural applications[J]. Industrial Heating, 

1988, 5: 31-34. 

[15] 张华炜, 刘悦, 范同祥. 铸造耐热铝合金的研究进展及展望[J]. 材料导报, 2021, 36(2): 153-161. 

ZHANG Hua-wei, LIU Yue, FAN Tong-xiang. Progress and prospect of cast heat-resistant aluminum 

alloy[J]. Materials Reports, 2021, 36(2): 153-161. 

[16] 张琪. 耐热铝合金的研究及应用现状与展望[J]. 有色金属加工, 2021, 50(1): 1-4+27. 

Zhang Qi. Current status and prospects of heat-resistant aluminum alloys[J]. Nonferrous Metals Processing, 

2021, 50(1): 1-4+27. 

[17] 付俊伟 , 崔凯 , 王江春 . Al-Cu 系耐热铝合金的研究进展[J]. 中国有色金属学报 , 2021, 31(7): 

1827-1841. 

FU Jun-wei, CUI Kai, WANG Jiang-chun. Recent development in Al-Cu series heat-resistant aluminum 

alloys[J]. The Chinese Journal of Nonferrous Metals, 2021, 31(7): 1827-1841. 

[18] HWANG J Y, BANERJEE R, DOTY H W, et al. The effect of Mg on the structure and properties of type 

319 aluminum casting alloys[J]. Acta Materialia, 2009, 57: 1308-1317. 

[19] IRIZALP S G, SAKLAKOGLU N. Effect of Fe-rich intermetallics on the microstructure and mechanical 

properties of thixoformed A380 aluminum alloy[J]. Engineering Science and Technology, an International 

Journal, 2014, 17(2): 58-62. 

[20] 钱晓明, 章羽, 王昭东, 等. 铸造冷却速率对 Al-Mg-Si-Mn 耐热铝合金组织及热加工性能的影响[J]. 

中国有色金属学报, 2022, 32(2): 343-352. 

QIAN Xiao-ming, ZHANG Yu, WANG Zhao-dong, et al. Effect of casting cooling rate on microstructure 

and hot workability of Al-Mg-Si-Mn heat-resistant aluminum alloy[J]. The Chinese Journal of Nonferrous 

Metals, 2022, 32(2): 343−352 

[21] LIAO H, LI G, LIU Q. Ni-rich phases in Al-12%Si-4%Cu-1.2%Mn-x%Ni heat-resistant alloys and effect 

of Ni-alloying on tensile mechanical properties[J]. Journal of Materials Engineering and Performance, 2019, 

28(9): 5398-5408. 



                               中国有色金属学报                                             2022 年 0x 月 

 

 

22

[22] HERNANDEZ-SANDOVAL J, GARZA-ELIZONDO G H, SAMUEL A M, et al. The ambient and high 

temperature deformation behavior of Al-Si-Cu-Mg alloy with minor Ti, Zr, Ni additions[J]. Materials and 

Design, 2014, 58: 89-101. 

[23] VIJEESH V, PRABHU N K. Review of microstructure evolution in hypereutectic Al-Si alloys and its 

effect on wear properties[J]. Transactions of the Indian Institute of Metals, 2013, 67(1): 1-18. 

[24] SCHOBEL M, BAUMGARTNER G, GERTH S, et al. Microstresses and crack formation in AlSi7MgCu 

and AlSi17Cu4 alloys for engine components[J]. Acta materialia, 2014, 81: 401-408. 

[25] YU L, LIU X F, DING H M. A new nucleation mechanism of primary Si by peritectic-like coupling of AlP 

and TiB2 in near eutectic Al-Si alloy[J]. Journal of Alloys and Compounds, 2007, 432: 156-162. 

[26] LIAO H C, SUN Y, SUN G X. Correlation between mechanical properties, amount of dendritic a-Al phase 

in as-cast near-eutectic Al-11.6% Si alloys modified with strontium[J]. Materials Science and Engineering: 

A, 2002, 335: 62-66. 

[27] WANG G Q, BIAN X F, WANG W M, et al. Influence of Cu and minor elements on solution treatment of 

Al-Si-Cu-Mg cast alloys[J]. Materials Letters, 2003, 57: 4083-4087. 

[28] ZAMANI M, MORINI L, CESCHINI L, et al. The role of transition metal additions on the ambient and 

elevated temperature properties of Al-Si alloys[J]. Materials Science and Engineering: A, 2017, 693: 42-50. 

[29] XU C, XIAO W L, ZHENG R X, et al. The synergic effects of Sc and Zr on the microstructure and 

mechanical properties of AlSiMg alloy[J]. Materials and Design, 2015, 88: 485-492. 

[30] PRAMOD S L, RAVIKIRANA, RAO A K P, et al. Effect of Sc addition and T6 aging treatment on the 

microstructure modification and mechanical properties of A356 alloy[J]. Materials Science and 

Engineering: A, 2016, 674: 438-450. 

[31] KAKITANI R, CRUZ C B, LIMA T S, et al. Transient directional solidification of a eutectic Al-Si-Ni alloy: 

Macrostructure, microstructure, dendritic growth and hardness[J]. Materialia, 2019, 7: 100358. 

[32] ASGHAR Z, REQUENA G, BOLLER E. Three-dimensional rigid multi‐phase networks providing 

high-temperature strength to cast AlSi10Cu5Ni1-2 piston alloys[J]. Acta Materialia, 2011, 59: 6420-6432. 

[33] NAYAK S, KARTHIK A. Systhesis of Al-Si alloys and study of their mechanical properties[D]. National 

Institute of Technology, Rourkela, 2011. 

[34] 隋育栋, 王渠东. 铸造耐热铝合金在发动机上的应用研究与发展[J]. 材料导报, 2015, 29(2): 14-19. 

SUI Yu-dong, WANG Qu-dong. Development of heat-resitationt cast aluminum alloy for engine 

applications[J]. Materials Reports, 2015, 29(2): 14-19. 



第 3x 卷第 00 期                              毕江，等：铸造、快凝及增材耐热铝合金的研究进展 

 

23 

[35] NELATURU P, JANA S, MISHRA R S, et al. Influence of friction stir processing on the room temperature 

fatigue cracking mechanisms of A356 aluminum alloy[J]. Materials Science and Engineering: A, 2018, 716: 

165-178. 

[36] WANG Q G, DAVIDSON C J. Solidification and precipitation behavior of Al-Si-Mg Casting alloys[J]. 

Journal of Materials Science, 2001, 36: 739-750. 

[37] BEHNAMFARD S, KHOSROSHAHI A R, BRABAZON D, et al. Study on the incorporation of ceramic 

nanoparticles into the semi-solid A356 melt[J]. Materials Chemistry and Physics, 2019, 230: 25-36. 

[38] LI R X, LI R D, ZHAO Y H. Age-hardening behavior of cast Al-Si base alloy[J]. Materials Letters, 2004, 

58: 2096-2101. 

[39] ZHU M, JIAN Z Y, YANG G C, et al. Effects of T6 heat treatment on the microstructure, tensile properties, 

and fracture behavior of the modified A356 alloys[J]. Materials and Design, 2012, 36: 243-249. 

[40] LONG H C, CHEN J H, LIU C H, et al. The negative effect of solution treatment on the age hardening of 

A356 alloy[J]. Materials Science and Engineering: A, 2013, 566: 112-118. 

[41] MAO G L, YAN H, ZHU C C, et al. The varied mechanisms of yttrium (Y) modifying a hypoeutectic Al-Si 

alloy under conditions of different cooling rates[J]. Journal of Alloys and Compounds, 2019, 806: 909-916. 

[42] CHEN J H, COSTAN E, HUIS M A V, et al. Atomic pillar-based nanoprecipitates strengthen AlMgSi 

alloys[J]. Science, 2006, 312(5772): 416-419. 

[43] COLLEY L J, WELLS M A, POOLE W J. Microstructure-strength models for heat treatment of Al-Si-Mg 

casting alloys I: microstructure evolution and precipitation kinetics[J]. Canadian Metallurgical Quarterly, 

2014, 53(2): 125-137. 

[44] 彭继华, 唐小龙, 何健亭, 等. 热处理对 A356 铝合金组织结构和力学性能的影响[J]. 中国有色金属

学报, 2011, 21(9): 1950-1956. 

PENG Ji-hua, TANG Xiao-long, HE Jian-ting, et al. Effect of heat treatment on microstructure and tensile 

properties of A356 alloys[J]. The Chinese Journal of Nonferrous Metals, 2011, 21(9): 1950-1956. 

[45] ZHANG Y, GAO K, WEN S, et al. The study on the coarsening process and precipitation strengthening of 

Al3Er precipitate in Al-Er binary alloy[J]. Journal of Alloys and Compounds, 2014, 610: 27-34.  

[46] COLOMBO M, GARIBOLDI E, MORRI A. Er addition to Al-Si-Mg-based casting alloy: effects on 

microstructure, room and high temperature mechanical properties[J]. Journal of Alloys and Compounds, 

2017, 708: 1234-1244. 

[47] HE Y, XI H H, MING W Q, et al. Thermal stability and precipitate microstructures of AlSiMgEr alloy[J]. 



                               中国有色金属学报                                             2022 年 0x 月 

 

 

24

Transactions of Nonferrous Metals Society of China, 2021, 31: 1-10. 

[48] COLOMBO M, GARIBOLDI E, MORRI A. Influences of different Zr additions on the microstructure, 

room and high temperature mechanical properties of an Al-7Si-0.4Mg alloy modified with 0.25%Er[J]. 

Materials Science and Engineering: A, 2018, 713: 151-160. 

[49] SHI Z M, WANG Q, ZHAO G, et al. Effects of erbium modification on the microstructure and mechanical 

properties of A356 aluminum alloys[J]. Materials Science and Engineering: A, 2015, 626: 102-107. 

[50] ABDULWAHAB M, MADUGU I A, YARO S A, et al. Effects of multiple-step thermal ageing treatment 

on the hardness characteristics of A356.0-type Al-Si-Mg alloy[J]. Materials and design, 2011, 32: 

1159-1166. 

[51] 俞德新, 胡欧林, 曾瑞祥, 等. 热处理工艺对低硅 Al-Si-Mg 铸造铝合金组织和力学性能的影响[J]. 上

海金属, 2020, 42(4): 66-71+77. 

YU De-xin, HU Ou-lin, ZENG Rui-xiang, et al. Effect of heat treatment Processes on Microstructure and 

Mechanical Properties of Low- silicon Al-Si-Mg Cast Aluminum Alloy[J]. Shanghai Metals, 2020, 42(4): 

66-71+77. 

[52] KANG H J, JANG H S, OH S H, et al. Effects of solution treatment temperature and time on the porosities 

and mechanical properties of vacuum die-casted and T6 heat-treated Al-Si-Mg alloy[J]. Vacuum, 2021, 193: 

110536. 

[53] SAMUEL A M, GAUTHIER J, SAMUEL F H. Microstructural aspects of the dissolution and melting of 

Al2Cu phase in Al-Si alloys during solution heat treatment[J]. Metallurgical and Materials Transactions A, 

1996, 27: 1785-1798. 

[54] Han Y M, Samuel A M, Samuel F H, et al. Effect of solution heat treatment type on the dissolution of 

copper Phases in Al-Si-Cu-Mg type alloys[J]. Transactions of the American Foundry Society, 2008, 116: 

79-89. 

[55] SJOLANDER E, SEIFEDDINE S. The heat treatment of Al-Si-Cu-Mg casting alloys[J]. Journal of 

Materials Processing Technology, 2010, 210: 1249-1259. 

[56] MARTINEZ R, LAROUCHE D, CAILLETAUD G, et al. Simulation of the concomitant process of 

nucleation-growth-coarsening of Al2Cu particles in a 319 foundry aluminum alloy[J]. Modelling and 

Simulation in Materials Science and Engineering: A, 2015, 23: 045012. 

[57] CESCHINI L, MORRI A, TOSCHI S, et al. Microstructural and mechanical properties characterization of 

heat treated and overaged cast A354 alloy with various SDAS at room and elevated temperature[J]. 



第 3x 卷第 00 期                              毕江，等：铸造、快凝及增材耐热铝合金的研究进展 

 

25 

Materials Science and Engineering: A, 2015, 648: 340-349. 

[58] PUNCREOBUT C, LEE P D, KAREH K M, et al. Influence of Fe-rich intermetallics on solidification 

defects in Al-Si-Cu alloys[J]. Acta Materialia, 2014, 68: 42-51. 

[59] CACERES C H, DJURDJEVIC M B, STOCKWELL T J, et al. The effect of Cu content on the level of 

microporosity in Al-Si-Cu-Mg casting alloys[J]. Scripta Materialia, 1999, 40(5): 631-637. 

[60] SJOLANDER E, SEIFEDDINE S. The heat treatment of Al-Si-Cu-Mg casting alloys[J]. Journal of 

Materials Processing Technology, 2010, 210(10): 1249-1259. 

[61] WANG E R, HUI X D, CHEN G L. Eutectic Al-Si-Cu-Fe-Mn alloys with enhanced mechanical properties 

at room and elevated temperature[J]. Materials and Design, 2011, 32: 4333-4340. 

[62] LIAO H C, TANG Y Y, SUO X J, et al. Dispersoid particles precipitated during the solutionizing course of 

Al-12wt%Si-4wt%Cu-1.2wt%Mn alloy and their influence on high temperature strength[J]. Materials 

Science and Engineering: A, 2017, 699: 201-209. 

[63] Shaha S K, Czerwinski F, Kasprzak W, et al. Tensile and compressive deformation behavior of the Al–Si–

Cu–Mg cast alloy with additions of Zr, V and Ti[J]. Materials and Design, 2014, 59: 352-358. 

[64] SHAHANI A J, XIAO X, SKINNER K, et al. Ostwald ripening of faceted Si particles in an Al-Si-Cu 

melt[J]. Materials Science and Engineering: A, 2016, 673: 307-320. 

[65] IBRAHIM M F, SAMUEL E, SAMUEL A M, et al. Me-tallurgical parameters controlling the 

microstructure and hardness of Al-Si-Cu-Mg base alloys[J]. Materials and Design, 2011, 32: 2130-2142. 

[66] YANG H, JI S X, YANG W C, et al. Effect of Mg level on the microstructure and mechanical properties of 

die-cast Al-Si-Cu alloys[J]. Materials Science and Engineering: A, 2015, 642: 340-350. 

[67] ZHENG Y, XIAO W L, GE S J, et al. Effects of Cu content and Cu-Mg ratio on the microstructure and 

mechanical properties of Al-Si-Cu- Mg Alloys[J]. Journal of Alloys and Compounds, 2015, 649: 291-296. 

[68] CHOI S W, KIM Y M, LEE K M, et al. The effects of cooling rate and heat treatment on mechanical and 

thermal characteristics of Al-Si-Cu-Mg foundry alloys[J]. Journal of Alloys and Compounds, 2014, 617: 

654-659. 

[69] LUNA I A, MOLINAR H M, ROMÁN M J, et al. Improvement of the tensile properties of an 

Al-Si-Cu-Mg aluminum industrial alloy by using multi stage solution heat treatments[J]. Materials Science 

and Engineering: A, 2013, 561: 1-6. 

[70] RAHIMIAN M, AMIRKHANLOU S, BLAKE P, et al. Nanoscale Zr-containing precipitates; a solution for 

significant improvement of high-temperature strength in Al-Si-Cu-Mg alloys[J]. Materials Science and 



                               中国有色金属学报                                             2022 年 0x 月 

 

 

26

Engineering: A, 2018, 721: 328-338. 

[71] SHAHA S K, CZERWINSKI F, KASPRZAK W, et al. Ageing characteristics and high-temperature tensile 

properties of Al-Si-Cu-Mg alloys with micro-additions of Cr, Ti, V and Zr[J]. Materials Science and 

Engineering: A, 2016, 652: 353-364. 

[72] 隋育栋. Al-Si-Cu-Ni-Mg 系铸造耐热铝合金组织及其高温性能研究[D]. 上海交通大学, 2016. 

SUI Yu-dong. Study on the microstructural and elevated temperature properties of cast Al-Si-Cu-Ni-Mg 

alloys[D]. Shanghai Jiao Tong University, 2016. 

[73] 赵天佑. 活塞用 Al-Si-Cu-Ni-Ce-Cr 铸造耐热铝合金的组织与性能[D]. 哈尔滨理工大学, 2019. 

Zhao Tian-you. Microstructure and properties of heat-resistant Al-Si-Cu-Ni-Ce-Cr alloy for piston[D]. 

Harbin University of Science and Technology, 2019. 

[74] QIU Z Q, MENG X C, YUAN Q H, et al. Morphological evolution of Fe-rich phases in the 

AlSi9Cu3Mg0.19Fe alloy with the addition of minor Mn and Cr[J]. Acta Metallurgica Sinica, 2018, 31(6): 

629-640. 

[75] YANG Y, YU K, LI Y, et al. Evolution of Nickel-rich phases in Al-Si-Cu-Ni-Mg piston alloys with 

different Cu additions[J]. Materials and Design, 2012, 33: 220-225. 

[76] SUI Y D, WANG Q D, LIU T, et al. Influence of Gd content on microstructure and mechanical properties 

of cast Al-12Si-4Cu-2Ni-0.8Mg alloys[J]. Journal of Alloys and Compounds, 2015, 644: 228-235. 

[77] GAO T, ZHU X Z, SUN Q Q, et al. Morphological evolution of ZrAlSi phase and its impact on the 

elevated-temperature properties of Al-Si piston alloy[J]. Journal of Alloys and Compounds, 2013, 567: 

82-88. 

[78] FENG J, YE B, ZUO L J, et al. Effects of Ni content on low cycle fatigue and mechanical properties of 

Al-12Si-0.9Cu-0.8Mg-xNi at 350 °C[J]. Materials Science and Engineering: A, 2017, 706: 27-37. 

[79] DAVIS J R. ASM specialty handbook: aluminum and aluminum alloys[M]. ASM International, 1993. 

[80] BRAY G H, GLAZOV M, RIOJA R, et al. Effect of artificial aging on the fatigue crack propagation 

resistance of 2000 series aluminum alloys[J]. International Journal of Fatigue, 2001, 23: 265-276. 

[81] YANG C L, ZHAO Q L, ZHANG Z J, et al. Nanoparticle additions promote outstanding fracture toughness 

and fatigue strength in a cast Al-Cu alloy[J]. Materials and Design, 2020, 186: 108221.  

[82] TIRYAKIOGLU M, CAMPBELL J, ALEXOPOULOS N D. On the ductility potential of cast Al-Cu-Mg 

(206) alloys[J]. Materials Science and Engineering: A, 2009, 506: 23-26. 

[83] AWE S A. Elevated temperature tensile properties of a ternary eutectic Al-27%Cu-5%Si cast alloy[J]. 



第 3x 卷第 00 期                              毕江，等：铸造、快凝及增材耐热铝合金的研究进展 

 

27 

International Journal of Lightweight Materials and Manufacture, 2021, 4: 18-26. 

[84] CHEN J L, LIAO H C, WU Y, et al. Contributions to high temperature strengthening from three types of 

heat-resistant phases formed during solidification, solution treatment and ageing treatment of Al-Cu-Mn-Ni 

alloys respectively[J]. Materials Science and Engineering: A, 2020, 772: 138819. 

[85] 张珂, 黄光杰, 汪凌云, 等. 冷变形量及稳定化处理对 5083 铝合金耐腐蚀性能的影响[J]. 机械工程材

料, 2011, 35(9): 5-10. 

ZHANG Ke, HUANG Guang-jie, WANG Ling-yun, et al. Effects of cold deformation and stabilizing 

treatment on corrosion resistance of 508 aluminum alloy[J]. Materials for Mechanical Engineering, 2011, 

35(9): 5-10. 

[86] CHOI S H, SUNG S Y, CHOI H J, et al. High temperature tensile deformation behavior of new heat 

resistant Aluminum alloy[J]. Procedia Engineering, 2011, 10: 159-164. 

[87] RINCON E, LOPEZ H F, CISNEROS M M, et al. Effect of temperature on the tensile properties of an 

as-cast aluminum alloy A319[J]. Materials Science and Engineering: A, 2007, 452: 682-687. 

[88] LI G J, LIAO H C, XU A. Two quite different primary Mn-rich phases in Al-Si-Cu-Mn heat-resistant alloy 

and its effect to mechanical properties[J]. Materials Science and Engineering: A, 2018, 730: 36-40. 

[89] LI G J, LIAO H C, SUO X J, et al. Cr-induced morphology change of primary Mn-rich phase in 

Al-Si-Cu-Mn heat resistant aluminum alloys and its contribution to high temperature strength[J]. Materials 

Science and Engineering: A, 2018, 709: 90-96. 

[90] ZUO L J, YE B, FENG J, et al. Effect of ε-Al3Ni phase on mechanical properties of Al-Si-Cu-Mg-Ni alloys 

at elevated temperature[J]. Materials Science and Engineering: A, 2020, 772: 138794. 

[91] YANG Y Y, ZHONG S Y, CHEN Z, et al. Effect of Cr content and heat-treatment on the high temperature 

strength of eutectic Al-Si alloys[J]. Journal of Alloys and Compounds, 2015, 647: 63-69. 

[92] MENG F C, WU Y Y, HU K Q, et al. Evolution and strengthening effects of the heat-resistant phases in 

Al-Si piston alloys with different Fe/Ni ratios[J]. Materials, 2019, 12(16): 2506. 

[93] LI Y G, YANG Y, WU Y Y, et al. Supportive strengthening role of Cr-rich phase on Al-Si multicomponent 

piston alloy at elevated temperature[J]. Materials Science and Engineering: A, 2011, 528: 4427-4430. 

[94] 肖代红, 王健农, 陈世朴,等. 铈对高 Cu/Mg 比率 Al-Cu-Mg 合金组织和耐热性能的影响[J]. 中国稀土

学报, 2003, 21(5): 564-567. 

XIAO Dai-hong, WANG Jian-nong, CHEN Shi-pu, et al. Effect of cerium on microstructure and heat 

resistance of Al-Cu-Mg alloy with high Cu/Mg ratio[J]. Journal of the Chinese Rare Earth Society, 2003, 



                               中国有色金属学报                                             2022 年 0x 月 

 

 

28

21(5): 564-567. 

[95] MA X, ZHAO Y F, TIAN W J, et al. A novel Al matrix composite reinforced by nano-AlNp network 

Scientific Reports, 2016, 6(1), 34919. 

[96] LADOS D A, APELIAN D. Relationships between microstructure and fatigue crack propagation paths in 

Al-Si-Mg cast alloys[J]. Engineering Fracture Mechanics, 2008, 75: 821-832. 

[97] MBUYA T O, REED P A S. Micromechanisms of short fatigue crack growth in an Al-Si piston alloy[J]. 

Materials Science and Engineering: A, 2014, 612: 302-309. 

[98] KUROKI Y, TANAKA T, SATO T, et al. Effects of defects and Fe intermetallic compounds on fatigue 

properties of Al-Si-Cu-Mg alloy castings[J]. Materials Transactions, 2001, 42(11): 2339-2344. 

[99] AMMAR H R, SAMUEL A M, SAMUEL F H. Effect of casting imperfections on the fatigue life of 319-F 

and A356-T6 Al-Si casting alloys[J]. Materials Science and Engineering: A, 2008, 473: 65-75. 

[100] JIAO Y N, ZHANG Y F, MA S Q, et al. Effects of microstructural heterogeneity on fatigue properties of 

cast aluminum alloys[J]. Journal of Central South University, 2020, 27: 674-697. 

[101] LIU H Q, PANG J C, WANG M, et al. The influence of defect and temperature on the fatigue behaviours 

of Al-Si-Cu-Mg-Ni alloy[J]. Fatigue and Fracture of Engineering Materials and Structres, 2019, 42(10): 

2372-2382. 

[102] GONG B S, LIU Z J, WANG Y L, et al. Improving the fatigue strength of A7N01 aluminum alloy by 

adjusting Si content[J]. Materials Science and Engineering: A, 2019, 742: 15-22. 

[103] CESCHINI L, BOROMEI I, MORRI A, et al. Microstructure, tensile and fatigue properties of the 

Al-10%Si-2%Cu alloy with different Fe and Mn content cast under controlled conditions[J]. Journal of 

Materials Processing Technology, 2019, 209: 5669-5679. 

[104] HUTER P, OBERFRANK S, GRUEN F, et al. Thermo-mechanical fatigue influence of copper and silicon 

on hypo-eutectic Al-Si-Cu and Al-Si-Mg cast alloys used in cylinder heads[J]. International Journal of 

Fatigue, 2016, 88: 142-155. 

[105] FINTOVA S, KUBENA I, TRSKO L, et al. Fatigue behavior of AW7075 aluminum alloy in ultra-high 

cycle fatigue region[J]. Materials Science and Engineering: A, 2020, 774: 138922. 

[106] FAN K L, LIU X S, HE G Q, et al. Strain ratio effects on low-cycle fatigue behavior of gravity cast 

Al-Si-Cu alloys[J]. Journal of Materials Engineering and Performance, 2015, 24(10): 3942-3950. 

[107] JANA S, MISHRA R S, BAUMANN J B, et al. Effect of stress ratio on the fatigue behavior of a friction 

stir processed cast Al-Si-Mg alloy[J]. Scripta Materialia, 2009, 61: 992-995. 



第 3x 卷第 00 期                              毕江，等：铸造、快凝及增材耐热铝合金的研究进展 

 

29 

[108] DAVIDSON C J, GRIFFITHS J R, MACHIN A S. The effect of solution heat-treatment time on the fatigue 

properties of an Al-Si-Mg casting alloy[J]. Fatigue and Fracture of Engineering Materials and Structures, 

2002, 25: 223-230. 

[109] WU Y, LIAO H C, TANG Y Y. Enhanced high-cycle fatigue strength of Al-12Si-4Cu-1.2Mn-T6 cast 

aluminum alloy at room temperature and 350C[J]. Materials Science and Engineering: A, 2021, 825: 

141917. 

[110] EBRARY I, Council N R. Accelerated aging of materials and structures: the effects of long-term 

elevated-temperature exposure[M]. Washington D.C.: National Academy Press, 1996: 45-52. 

[111] KAUFMAN J G. Properties of aluminum alloys: tensile, creep, and fatigue data at high and low 

temperatures[J]. Washington D.C.: ASM International, 1999. 

[112] DING J, ZHANG P, LI X W, et al. Microstructure and thermal stability evolution behavior of 

Sc-containing A356. 2 aluminum alloy under cyclic thermal exposure conditions[J]. Materials Science and 

Engineering: A, 2018, 723: 165-173 

[113] TZENG Y C, CHENGN V S, NIEH J K, et al. Microstructure and thermal stability of A357 alloy with and 

without the addition of Zr[J]. Journal of Materials Engineering and Performance, 2017, 26(11): 5511-5518. 

[114] ZUO L J, YE B, FENG J, et al. Effect of ı-Al3CuNi phase and thermal exposure on microstructure and 

mechanical properties of Al-Si-Cu-Ni alloys[J]. Journal of Alloys and Compounds, 2019, 791: 1015-1024. 

[115] TIAN L S, GUO Y C, LI J P, et al. Elevated re-aging of a piston aluminium alloy and effect on the 

microstructure and mechanical properties[J]. Materials Science and Engineering: A, 2018, 738: 375-379. 

[116] LIU K, CHEN X G. Improvement in elevated-temperature properties of Al-13%Si piston alloys by 

dispersoid strengthening via Mn addition[J]. J Material Research Society, 2018, 33(20): 3430-3438. 

[117] SUO X J, LIAO H C, HU Y Y, et al. Formation of Al15Mn3Si2 phase during solidification of a novel 

Al-12%Si-4%Cu-1.2% Mn heat-resistant alloy and its thermal stability[J]. Journal of Materials Engineering 

and Performance, 2018, 27(6): 2910-2920. 

[118] LIN B, LI H Y, XU R, et al. Precipitation of iron-rich intermetallics and mechanical properties of 

Al-Si-Mg-Fe alloys with Al-5Ti-B[J]. Materials Science and Technology: A, 2018, 34(17): 2145-2152. 

[119] UZAN N E, SHNECK R, YEHESKEL O, et al. High-temperature mechanical properties of AlSi10Mg 

specimens fabricated by additive manufacturing using selective laser melting technologies (AM-SLM)[J]. 

Additive Manufacturing, 2018, 24: 257-263. 

[120] 程天一. 快速凝固技术与新型合金[M]. 宇航材料工艺, 1987. 



                               中国有色金属学报                                             2022 年 0x 月 

 

 

30

CHENG Tian-yi. Rapid solidification technology and new alloys[M]. Aerospace Material Technology, 

1987. 

[121] 董寅生, 沈军, 杨英俊, 等. 快速凝固耐热铝合金的发展及展望[J]. 粉末冶金技术, 2000, 18(1): 38-39. 

DONG Yin-sheng, SHEN Jun, YANG Ying-jun, et al. The development and trend of rapidly solidified high 

temperature aluminum alloys[J]. Powder Metallurgy Technology, 2000, 18(1): 38-39. 

[122] 孙德勤, 陈慧君, 文青草, 等. 耐热铝合金的发展与应用[J]. 有色金属科学与工程, 2018, 9(3): 69-73. 

SUN De-qin, CHEN Hui-jun, WEN Qing-cao, et al. Development and application of heat-resistant Al 

alloy[J]. Nonferrous Metals Science and Engineering, 2018, 9(3): 69-73. 

[123] WANG F, YANG B, DUAN X J, et al. The microstructure and mechanical properties of spray-deposited 

hypereutectic Al-Si-Fe alloy[J]. Journal of Materials Processing Technology, 2003, 137: 191-194. 

[124] ZHOU J, DUSZCZYK J. Effect of extrusion conditions on mechanical properties of Al-20Si-3Cu-1Mg 

alloy prepared from rapidly solidified powder[J]. Journal of Materials Science, 1991, 26: 3739-3747. 

[125] MATTSON J, THEISEN E, STEEN P. Rapid solidification forming of glassy and crystalline ribbons by 

planar flow casting[J]. Chemical Engineering Science, 2018, 192: 1198-1208. 

[126] TOURRET D, REINHART G, GANDIN CH A, et al. Gas atomization of Al-Ni powders: solidification 

modeling and neutron diffraction analysis[J]. Acta Materialia, 2011, 59: 6658-6669.  

[127] LIU B, LEI Q, XIE L Q, et al. Microstructure and mechanical properties of high product of strength and 

elongation Al-Zn-Mg-Cu-Zr alloys fabricated by spray deposition[J]. Materials and Design, 2016, 96: 

217-223 

[128] NARASIMHAN M C. Continuous casting method for metallic strips: U.S., CA19770288248[P]. 

1980-05-27. 

[129] CARREO F, GONZÁLEZ-DONCEL G, RUANO O A. High temperature deformation behavior of an 

Al-Fe-V-Si alloy[J]. Materials Science and Engineering: A, 1993, 164: 216-219. 

[130] SILVA B L, DESSI J G, GOMES L F, et al. Assessing microstructures and mechanical resistances of 

as-atomized and as-extruded samples of Al-1wt%Fe-1wt%Ni alloy[J]. Journal of Alloys and Compounds, 

2017, 691: 952-960. 

[131] ZHANG Z H, WANG Y, BIAN X F, et al. Orientation of nanocrystals in rapidly solidified Al-based alloys 

and its correlation to the compound-forming tendency of alloys[J]. Journal of Crystal Growth, 2005, 281: 

646-653. 

[132] KARAKSE E, KESKIN M. Structural investigations of mechanical properties of Al based rapidly 



第 3x 卷第 00 期                              毕江，等：铸造、快凝及增材耐热铝合金的研究进展 

 

31 

solidified alloys[J]. Materials and Design, 2011, 32: 4970-4979. 

[133] RIOS C T, BOLFARINI C, BOTTA W J F, et al. Rapidly solidified Al92Fe3Cr2Mn3 alloy[J]. Materials 

Science and Engineering: A, 2007, 449-451: 1057-1061. 

[134] LAVERNIA E J, SRIVATSAN T S. The rapid solidification processing of materials: science, principles, 

technology, advances, and applications[J]. Journal of Materials Science, 2010, 45: 287-325. 

[135] SRIVATSAN T S, SUDARSHAN T S, LAVERNIA E J. Processing of discontinuously-reinforced metal 

matrix composites by rapid solidification[J]. Progress in Materials science, 1995, 39: 317-409.  

[136] ZHENG Y G, MASSEY M, SCHALLER A, et al. Comparison of resonance raman spectra of flavin-3, 

4-dihydroxybenzoate charge-transfer complexes in three flavoenzymes[J]. Journal of Raman Spectroscopy, 

2001, 32: 579-586. 

[137] SATOH T, OKIMOTO K, NISHIDA S. High-temperature deformation behavior of aluminum alloys 

produced from centrifugally-atomized powders[J]. Journal of Materials Processing Technology, 1997, 68: 

221-228. 

[138] 米国发, 田世藩, 曾松岩, 等. 雾化喷射沉积技术的发展概况及展望[J]. 材料科学与工程, 1996, 14(4): 

8-13. 

MI Guo-fa, TIAN Shi-fan, ZENG Song-yan, et al. The status and prospect of the metal spray atomization 

and deposition technique[J]. Materials Science and Engineering, 1996, 14(4): 8-13. 

[139] KOH B S, YOO J H, JANG E K, et al. Fabrication of highly effective self-humidifying membrane 

electrode assembly for proton exchange membrane fuel cells via electrostatic spray deposition[J]. 

Electrochemistry Communications, 2018, 93: 76-80. 

[140] WILLIS T C. Spray deposition process for metal matrix composite manufacture[J]. Metals and Materials, 

1998, 4: 485-492. 

[141] 朱宝宏, 熊柏青, 张永安, 等. 喷射成形工艺参数及热挤压制度对 8009 耐热铝合金的组织及性能的

影响[J]. 稀有金属, 2003, 27(6): 692-695. 

ZHU Bao-hong, XIONG Bai-qing, ZHANG Yong-an, et al. Effect of spray forming and hot extrusion 

process parameters upon microstructure and mechanical properties of 8009 alloy[J]. Chinese Journal of 

Rare Metals, 2003, 27(6): 692-695. 

[142] CHEN J, LENGSDORF R, HENEIN H, et al. Microstructure evolution in undercooled Al-8 wt%Fe melts: 

Comparison between terrestrial and parabolic flight conditions[J]. Journal of Alloys and Compounds, 2013, 

556: 243-251. 



                               中国有色金属学报                                             2022 年 0x 月 

 

 

32

[143] LI P Y, YU H J, CHAI S C, et al. Microstructure and properties of rapidly solidified powder metallurgy 

Al-Fe-Mo-Si alloys[J]. Scripta Materialia, 2003, 49: 819-824. 

[144] YANEVA S, KALKANLI A, PETROV K, et al. Structure development in rapidly solidified Al-Fe-V-Si 

ribbons[J]. Materials Science and Engineering: A, 2004, 373: 90-98. 

[145] SKINNER D J, BYE R L, RAYBOULD D, et al. Dispersion strengthened Al-Fe-V-Si alloys[J]. Scripta 

Metallurgica, 1986, 20(6): 867-872. 

[146] FRANK RE, HAWK J A. Effect of very high temperatures on the mechanical properties of Al-Fe-V-Si 

alloy[J]. Scripta Metallurgica, 1989; 23(1): 113-118.  

[147] 贺毅强, 徐政坤, 陈振华. 快速凝固 Al-Fe 系耐热铝合金的研究进展[J]. 材料科学与工程学报, 2011, 

29(4): 633-638+613. 

HE Yi-qiang, XU Zheng-kun, CHEN Zhen-hua. Progress in Al-Fe heat resistant alloys prepared by rapid 

solidification[J]. Journal of Materials Science and Engineering, 2011, 29(4): 633-638+613. 

[148] KATGERMAN L, DOM F. Rapidly solidified aluminium alloys by melt spinning[J]. Materials Science and 

Engineering: A, 2004, 375-377: 1212-1216. 

[149] WANG F, ZHU B H, XIONG B Q, et al. An investigation on the microstructure and mechanical properties 

of spray-deposited Al-8.5Fe-1.1V-1.9Si alloy[J]. Journal of Materials Processing Technology, 2007, 183: 

386-389. 

[150] PRUSA F, VOJTECH D, MICHALCOVA A, et al. Mechanical properties and thermal stability of 

Al-Fe-Ni alloys prepared by centrifugal atomisation and hot extrusion[J]. Materials Science and 

Engineering: A, 2014, 603: 141-149. 

[151] 王嘉婧, 张晴, 詹载雷, 等. 快速凝固 Al-Fe-Ce 合金的相变与性能研究[J]. 上海有色金属, 2015, 35(4): 

148-152. 

WANG Jia-jing, ZHANG Qing, ZHAN Zai-lei, et al. Study on phase transition and mechanical properties 

of rapidly solidified Al-Fe-Ce alloy[J]. Shanghai Nonferrous Metals, 2015, 35(4): 148-152. 

[152] ABOULKHAIR N T, SIMONELLI M, PARRY L, et al. 3D printing of aluminium alloys: additive 

manufacturing of aluminium alloys using selective laser melting[J]. Progress in Materials Science, 2019, 

106: 100578. 

[153] LIU Z Y, ZHAO D D, WANG P, et al. Additive manufacturing of metals: microstructure evolution and 

multistage control[J]. Journal of Materials Science and Technology, 2022, 100: 224-236. 

[154] NOURI A, SHIRVAN A R, LI R C, et al. Additive manufacturing of metallic and polymeric load-bearing 



第 3x 卷第 00 期                              毕江，等：铸造、快凝及增材耐热铝合金的研究进展 

 

33 

biomaterials using laser powder bed fusion: a review[J]. Journal of Materials Science and Technology, 

2021, 94: 196-215. 

[155] YANG H L, ZHANG Y Y, WANG J Y, et al. Additive manufacturing of a high strength Al-5Mg2Si-2Mg 

alloy: microstructure and mechanical propertie[J]. Journal of Materials Science and Technology, 2021, 91: 

215-223. 

[156] KIMURA T, NAKAMOTO T, OZAKI T, et al. Microstructures and mechanical properties of Al-transition 

metal binary alloys (Al-Fe, Al-Mn, and Al-Cr) processed by laser powder bed fusion[J]. Journal of Alloys 

and Compounds, 2021, 872: 159680. 

[157] ZHOU L, PAN H, HYER H, et al. Microstructure and tensile property of a novel AlZnMgScZr alloy 

additively manufactured by gas atomization and laser powder bed fusion[J]. Scripta Materialia, 2019, 158: 

24-28. 

[158] DENG J W, CHEN C, LIU X C, et al. A high-strength heat-resistant Al-5.7Ni eutectic alloy with spherical 

Al3Ni nano-particles by selective laser melting[J]. Scripta Materialia, 2021, 203: 114034. 

[159] GU D D, SHI X Y, POPRAWE R, et al. Material-structure performance integrated laser-metal additive 

manufacturing[J]. Science, 2021, 372(6545): 1487. 

[160] MACIAS J G S, DOUILLARD T, ZHAO L, et al. Influence on microstructure, strength and ductility of 

build platform temperature during laser powder bed fusion of AlSi10Mg[J]. Acta Materialia, 2020, 201: 

231-243. 

[161] WANG Z H, LIN X, KANG N, et al. Laser powder bed fusion of high-strength Sc/Zr-modified Al-Mg 

alloy: phase selection, microstructural/mechanical heterogeneity, and tensile deformation behavior[J]. 

Journal of Materials Science and Technology, 2021, 95: 40-56. 

[162] LIAO H C, XU H T, HU Y Y. Effect of RE addition on solidification process and high-temperature 

strength of Al-12%Si-4%Cu-1.6%Mn heat-resistant alloy[J]. Transaction of Nonferrous Metals Society of 

China, 2019, 29: 1117-1126. 

[163] MERTENS A I, DELAHAYE J, LECOMTE-BECKERS J. Fusion-based additive manufacturing for 

processing aluminum alloys: state-of-the-art and challenges[J]. Advanced Engineering Materials, 2017, 19: 

201700003 

[164] ZHANG J L, SONG B, WEI Q S, et al. A review of selective laser melting of aluminum alloys: Processing, 

microstructure, property and developing trends[J]. Journal of Materials Science and Technology, 2019, 35: 

270-284. 



                               中国有色金属学报                                             2022 年 0x 月 

 

 

34

[165] FANG Z C, WU Z L, HUANG C G, et al. Review on residual stress in selective laser melting additive 

manufacturing of alloy parts[J]. Optics and Laser Technology, 2020, 129: 106283. 

[166] RESCHETNIK W, BRÜGGEMANN J P, AYDINOZ M E, et al. Fatigue crack growth behavior and 

mechanical properties of additively processed EN AW-7075 aluminium alloy[J]. Procedia Structural 

Integrity, 2016, 2: 3040-3048. 

[167] SUN S B, ZHENG L J, LIU J H, et al. Microstructure, cracking behavior and control of Al-Fe-V-Si alloy 

produced by selective laser melting[J]. Rare Metals, 2017: 1-10. 

[168] KOUTNY D, PALOUSEK D, PANTELEJEV L, et al. Materials influence of scanning strategies on 

processing of aluminum alloy en aw 2618 using selective laser melting[J]. 2018, 11(298): 1-18. 

[169] DENG J W, CHEN C, ZHANG W, et al. Densification, microstructure, and mechanical properties of 

additively manufactured 2124 Al-Cu alloy by selective laser melting[J]. Materials, 2020, 13: 4423. 

[170] ZHANG H, ZHU H H, QI T, et al. Selective laser melting of high strength Al-Cu-Mg alloys: Processing, 

microstructure and mechanical properties[J]. Materials Science and Engineering: A, 2016, 656: 47-54. 

[171] KANG N, CODDET P, DEMBINSKI L, et al. Microstructure and strength analysis of eutectic Al-Si alloy 

in-situ manufactured using selective laser melting from elemental powder mixture[J]. Journal of Alloys and 

Compounds, 2017, 691: 316-322. 

[172] LI X P, WANG X J, SAUNDERS M, et al. A selective laser melting and solution heat treatment refined 

Al-12Si alloy with a controllable ultrafine eutectic microstructure and 25% tensile ductility[J]. Acta 

Materialia, 2015, 95: 74-82. 

[173] LIU Y J, LIU Z, JIANG Y, et al. Gradient in microstructure and mechanical property of selective laser 

melted AlSi10Mg[J]. Journal of Alloys and Compounds, 2018, 735: 1414-1421. 

[174] GUPTA M K, SINGLA A K, JI H, et al. Impact of layer rotation on micro-structure, grain size, surface 

integrity and mechanical behaviour of SLM Al-Si-10Mg alloy[J]. Journal of Materials Research and 

Technology, 2020, 9(5): 9506-9522. 

[175] WANG M, SONG B, WEI Q S, et al. Effects of annealing on the microstructure and mechanical properties 

of selective laser melted AlSi7Mg alloy[J]. Materials Science and Engineering: A, 2019, 739: 463-472. 

[176] ABOULKHAIR N T, TUCK C, ASHCROFT I, et al. On the precipitation hardening of selective laser 

melted AlSi10Mg[J]. Metallurgical and Materials Transaction A, 2015, 46: 3337-3341. 

[177] KIM D K, WOO W, HWANG J H, et al. Stress partitioning behavior of an AlSi10Mg alloy produced by 

selective laser melting during tensile deformation using in situ neutron diffraction[J]. Journal of Alloys and 



第 3x 卷第 00 期                              毕江，等：铸造、快凝及增材耐热铝合金的研究进展 

 

35 

Compounds, 2016, 686: 281-286. 

[178] ALGHAMDI F, SONG X, HADADZADEH A, et al. Post heat treatment of additive manufactured 

AlSi10Mg: on silicon morphology, texture and small-scale properties[J]. Materials Science and 

Engineering: A, 2020, 783: 139296. 

[179] ALBU M, KRISPER R, LAMMER J, et al. Microstructure evolution during in-situ heating of AlSi10Mg 

alloy powders and additive manufactured parts[J]. Additive Manufacturing, 2020, 36: 101605. 

[180] KNOLL H, OCYLOK S, WEISHEIT A, et al. Combinatorial alloy design by laser additive 

manufacturing[J]. Steel Research International, 2017, 87: 1-11. 

[181] LI N, HUANG S, ZHANG G, et al. Blackburn, Progress in additive manufacturing on new materials: a 

review[J]. Journal of Materials Science and Technology, 2019, 35: 242-269. 

[182] PLOTKOWSKI A, SISCO K, BAHL S, et al. Microstructure and properties of a high temperature 

Al-Ce-Mn alloy produced by additive manufacturing[J]. Acta Materialia, 2020, 196: 595-608. 

[183] MICHI R A, PLOTKOWSKI A, SHYAM A, et al. Towards high-temperature applications of aluminium 

alloys enabled by additive manufacturing[J]. International Materials Reviews, 2021: 1-48. 

[184] 高一涵, 刘刚, 孙军. 耐热铝基合金研究进展: 微观组织设计与析出策略[J]. 金属学报, 2021, 57(2): 

129-149. 

GAO Yi-han, LIU Gang, SUN Jun. Recent Progress in High-Temperature Resistant Aluminum-Based 

Alloys: Microstructural Design and Precipitation Strategy[J]. Acta Metallurgica Sinica, 2021, 57(2): 

129-149. 

[185] PLOTKOWSKI A, RIOS O, SRIDHARAN N, et al. Evaluation of an Al-Ce alloy for laser additive 

manufacturing[J]. Acta Materialia, 2017, 126: 507-519. 

[186] KRAINIKOV A V, NEIKOV O D. Rapidly solidified high-temperature aluminum alloys. I. Structure[J]. 

Powder Metallurgy and Metal Ceramics, 2012: 399-411. 

[187] SUN S B, ZHENG L J, LIU Y Y, et al. Selective laser melting of Al-Fe-V-Si heat-resistant aluminum alloy 

powder: modeling and experiments[J]. The International Journal of Advanced Manufacturing Technology, 

2015, 80(9): 1787-1797. 

[188] DING H, XIAO Y K, BIAN Z Y, et al. Design, microstructure and thermal stability of a novel 

heat-resistant Al-Fe-Ni alloy manufactured by selective laser melting[J]. Journal of Alloys and Compounds, 

2021, 885: 160949. 

[189] LOGINOVA I S, SAZERAT M V, LOGINOV P A, et al. Evaluation of microstructure and hardness of 



                               中国有色金属学报                                             2022 年 0x 月 

 

 

36

novel Al-Fe-Ni alloys with high thermal stability for laser additive manufacturing[J]. The Minerals, Metals 

and Materials Society, 2020, 72(11): 3744-3752. 

[190] CHANG K C, ZHAO J R, HUNG F Y. Effects of hyper-high-temperature solid-solution treatment on 

microstructure evolution and nanoprecipitation of the Al-Ni-Cu-Fe-Zr-Sc alloy manufactured by selective 

laser melting[J]. Journal of Alloys and Compounds, 2021, 883: 160781. 

[191] MANCA D R, CHURYUMOV A Y, POZDNIAKOV A V, et al. Microstructure and properties of novel 

Heat resistant Al-Ce-Cu alloy for additive manufacturing[J]. Metals and Materials International, 2019, 25: 

633-640. 

[192] WANG W Y, TAKATA N, SUZUKI A, et al. Formation of multiple intermetallic phases in a hypereutectic 

Al-Fe binary alloy additively manufactured by laser powder bed fusion[J]. Intermetallics, 2020, 125: 

106892. 

[193] CAO X J, CAMPBELL J. Morphology of β-Al5FeSi phase in Al-Si cast alloys[J]. Materials Transactions, 

2006, 47(5): 1303-1312. 

[194] YAMASAKI S, OKUHIRA T, MITSUHARA M, et al. Effect of Fe addition on heat-resistant aluminum 

alloys produced by selective laser melting[J]. Metals, 2019, 9: 468. 

[195] QI X, TAKATA N, SUZUKI A, et al. Laser powder bed fusion of a near-eutectic Al-Fe binary alloy: 

processing and microstructure[J]. Additive Manufacturing, 2020, 35: 101308. 

[196] ENGIN S, BUYUK U, MARAŞLI N. The effects of microstructure and growth rate on microhardness, 

tensile strength, and electrical resistivity for directionally solidified Al-Ni-Fe alloys[J]. Journal of Alloys 

and Compounds, 2016, 660: 23-31. 

[197] ZHENG L J, LIU Y Y, SUN S B, et al. Selective laser melting of Al-8.5Fe-1.3V-1.7Si alloy: Investigation 

on the resultant microstructure and hardness[J]. Chinese Journal of Aeronautics, 2015, 28(2): 564-569. 

[198] SUN S B, ZHENG L J, LIU J H, et al. Selective Laser Melting of an Al-Fe-V-Si Alloy: Microstructural 

Evolution and Thermal Stability[J]. Journal of Materials Science and Technology, 2017, 33(4): 389-396. 

[199] CHANG K C, ZHAO J R, HUNG F Y. Microstructure, mechanical properties, and fatigue fracture 

characteristics of high-fracture-resistance selective laser melting Al-Ni-Cu alloys[J]. Metals, 2021, 11(1): 

87. 

[200] SUWANPREECHA C, PANDEE P, PATAKHAM U, et al. New generation of eutectic Al-Ni casting 

alloys for elevated temperature services[J]. Materials Science and Engineering: A, 2018, 709: 46-54. 

[201] BUCHBINDER D, SCHLEIFENBAUM H, HEIDRICH S, et al. High power selective laser melting (HP 



第 3x 卷第 00 期                              毕江，等：铸造、快凝及增材耐热铝合金的研究进展 

 

37 

SLM) of aluminium parts[J]. Physics Procedia, 2011, 12: 271-278. 

[202] POZDNIAKOV A V, CHURYUMOV A Y, LOGINOVA I S, et al. Microstructure and properties of novel 

AlSi11CuMn alloy manufactured by selective laser melting[J]. Materials Letters, 2018, 225: 33-36. 

[203] PETRÍK J. The application of Ni for improvement of Al-Si-Fe alloys[J]. Materials Engineering, 2009, 

16(4): 29-32. 

[204] MANCA D R, CHURYUMOV A Y, POZDNIAKOV A V, et al. Novel heat-resistant Al-Si-Ni-Fe alloy 

manufactured by selective laser melting[J]. Materials Letters, 2019, 236: 676-679. 

[205] SHURKIN P K, LETYAGIN N V, YAKUSHKOVA A I, et al. Remarkable thermal stability of the 

Al-Ca-Ni-Mn alloy manufactured by laser-powder bed fusion[J]. Materials Letters, 2021, 285: 129074. 

[206] 马如龙, 彭超群, 王日初, 等. 选区激光熔化铝合金的研究进展[J]. 中国有色金属学报, 2020, 30(12): 

2773-2788. 

MA Ru-long, PENG Chao-qun, WANG Ri-chu, et al. Progress in selective laser melted aluminum alloy[J]. 

The Chinese Journal of Nonferrous Metal, 2020, 30(12): 2773-2788. 

[207] JOHNSON L, MAHMOUDI M, ZHANG B, et al. Assessing printability maps in additive manufacturing of 

metal alloys[J]. Acta Materialia, 2019, 176: 199-210. 

[208] 董鹏, 李忠华, 严振宇, 等. 铝合金激光选区熔化成形技术研究现状[J]. 应用激光, 2015, 35(5): 

607-611. 

DONG Peng, LI Zhong-hua, YAN Zhen-yu, et al. Research status of selective melting of aluminum 

alloys[J]. Applied laser, 2015, 35(5): 607-611. 

[209] MARTIN J H, YAHATA B D, HUNDLEY J M, et al. 3D printing of high-strength aluminium alloys[J]. 

Nature, 2017, 549: 365-369. 

[210] ZHANG H, ZHU H H, NIE X J, et al. Effect of Zirconium addition on crack, microstructure and 

mechanical behavior of selective laser melted Al-Cu-Mg alloy[J]. Scripta Materialia, 2017, 134: 6-10. 

[211] SPIERINGS A B, DAWSON K, HEELING T, et al. Microstructural features of Sc- and Zr-modified 

Al-Mg alloys processed by selective laser melting[J]. Materials and Design, 2017, 115: 52-63. 

[212] CHURYUMOV A Y, POZDNIAKOV A V, PROSVIRYAKOV A S, et al. Microstructure and mechanical 

properties of a novel selective laser melted Al-Mg alloy with low Sc content[J]. Materials Research 

Express, 2019, 6(12): 126595.  

[213] MA R L, PENG C Q, CAI Z Y, et al. Effect of bimodal microstructure on the tensile properties of selective 

laser melt Al-Mg-Sc-Zr alloy[J]. Journal of Alloys and Compounds, 2020, 815: 52422. 



                               中国有色金属学报                                             2022 年 0x 月 

 

 

38

[214] KURNSTEINER P, BAJAJ P, GUPTA A, et al. Control of thermally stable core-shell nano-precipitates in 

additively manufactured Al-Sc-Zr alloys[J]. Additive Manufacturing, 2020, 32: 100910. 

[215] SPIERINGS A B, DAWSON K, UGGOWITZER P J, et al. Influence of SLM scan-speed on 

microstructure, precipitation of Al3Sc particles and mechanical properties in Sc-and Zr-modified Al-Mg 

alloys[J]. Materials and Design, 2018, 140: 134-143. 

[216] SPIERINGS A B, DAWSON K, KERN K, et al. SLM-processed Sc- and Zr- Al-Mg alloy: mechanical 

properties and microstructural effects of heat treatment[J]. Materials Science and Engineering: A, 2017, 

701: 264-273. 

[217] LI R, CHEN H, ZHU H, et al. Effect of aging treatment on the microstructure and mechanical properties of 

Al-3.02 Mg-0.2 Sc-0.1 Zr alloy printed by selective laser melting[J]. Materials and Design, 2019, 168: 

107668. 

[218] BI J, LIU L, WANG C Y, et al. Microstructure, tensile properties and heat-resistant properties of selective 

laser melted AlMgScZr alloy under long-term aging treatment[J]. Materials Science and Engineering: A, 

2021, 883: 142527. 

[219] SCHMIDTKE K, PALM F, HAWKINS A, et al. Process and mechanical properties: applicability of a 

scandium modified Al-alloy for laser additive manufacturing[J]. Physics Procedia, 2011, 12: 369-374. 

[220] TZENG Y C, CHUNG C Y, CHIEN H C. Effects of trace amounts of Zr and Sc on the recrystallization 

behavior and mechanical properties of Al-4.5 Zn-1.6 Mg alloys[J]. Materials Letters, 2018, 228: 270-272. 

[221] JIA Q B, ROMETSCH P, KURNSTEINER P, et al. Selective laser melting of a high strength AlMnSc 

alloy: alloy design and strengthening mechanisms[J]. Acta Materialia, 2019, 171: 108-118. 

[222] LEI Z L, BI J, CHEN Y B, et al. Effect of energy density on formability, microstructure and 

micro-hardness of selective laser melted Sc-and Zr-modified 7075 aluminum alloy[J]. Powder Technology, 

2019, 356: 594-606. 

[223] LI R D, WANG M B, LI Z M, et al. Developing a high-strength Al-Mg-Si-Sc-Zr alloy for selective laser 

melting: crack-inhibiting and multiple strengthening mechanisms[J]. Acta Materialia, 2020, 193: 83-98. 

[224] BI J, LEI Z L, CHEN Y B, et al. Microstructure, tensile properties and thermal stability of AlMgSiScZr 

alloy printed by laser powder bed fusion[J]. Journal of Materials Science and Technology, 2021, 69: 

200-211. 

[225] KIMURA T, NAKAMOTO T, OZAKI T, et al. Microstructural development and aging behavior of 

Al-Cr-Zr heat-resistant alloy fabricated using laser powder bed fusion[J]. Journal of Materials Research and 



第 3x 卷第 00 期                              毕江，等：铸造、快凝及增材耐热铝合金的研究进展 

 

39 

Technology, 2021, 15: 4193-4207. 

[226] JIA Q B, ZHANG F, ROMETSCH P, et al. Precipitation kinetics, microstructure evolution and mechanical 

behavior of a developed Al-Mn-Sc alloy fabricated by selective laser melting[J]. Acta Materialia, 2020, 193: 

239-251. 

[227] SHI Y J, YANG K, KAIRY S K, et al. Effect of platform temperature on the porosity, microstructure and 

mechanical properties of an Al-Mg-Sc-Zr alloy fabricated by selective laser melting[J]. Materials Science 

and Engineering: A, 2018, 732: 41-52. 

[228] HE P, KONG H, LIU Q, et al. Elevated temperature mechanical properties of TiCN reinforced AlSi10Mg 

fabricated by laser powder bed fusion additive manufacturing[J]. Materials Science and Engineering: A, 

2021, 811: 141025. 

[229] BELELLI F, CASATI R, RICCIO M, et al. Development of a novel high-temperature Al alloy for laser 

powder bed fusion[J]. Metals, 2021, 11(1): 35. 

[230] TAN Q Y, ZHANG J Q, SUN Q, et al. Inoculation treatment of an additively manufactured 2024 

aluminium alloy with titanium nanoparticles[J]. Acta Materialia, 2020, 196: 1-16. 

[231] HAN G, ZHANG W, ZHANG G, et al. High-temperature mechanical properties and fracture mechanisms 

of Al-Si piston alloy reinforced with in situ TiB2 particles[J]. Materials Science and Engineering: A, 2015, 

633: 161-168. 

[232] CHANG F, GU D D, DAI D H, et al. Selective laser melting of in-situ Al4SiC4+SiC hybrid reinforced Al 

matrix composites: Influence of starting SiC particle size[J]. Surface and Coatings Technology, 2015, 272: 

15-24. 

[233] ROFMAN O V, MIKHAYLOVSKAYA A V, KOTOV A D, et al. AA2024/SiC metal matrix composites 

simultaneously improve ductility and cracking resistance during elevated temperature deformation[J]. 

Materials Science and Engineering: A, 2020, 790: 139697. 

[234] TIAN W S, ZHAO Q L, ZHANG Q Q, et al. Enhanced strength and ducility at room and elevated 

temperatures of Al-Cu alloy matrix composites reinforced with bimodal-sized TiCp compared with 

monomodal-sized TiCp[J]. Materials Science and Engineering: A, 2018, 724: 368-375. 

[235] TIAN W S, ZHAO Q L, RUN G, et al. Improved creep resistance of Al-Cu alloy matrix composite 

reinforced with bimodal-sized TiCp[J]. Materials Science and Engineering: A, 2018, 713: 190-194. 

[236] GU D D, WANG H Q, DAI D H, et al. Rapid fabrication of Albased bulk-form nanocomposites with novel 

reinforcement and enhanced performance by selective laser melting[J]. Scripta Materialia, 2015, 96: 25-28. 



                               中国有色金属学报                                             2022 年 0x 月 

 

 

40

[237] LIN T C, CAO C, SOKOLUK M, et al. Aluminum with dispersed nanoparticles by laser additive 

manufacturing[J]. Nature communications, 2019, 10(1): 1-9. 

[238] TAN Q, ZHANG J, MO N, et al. A novel method to 3D print fine-grained AlSi10Mg alloy with isotropic 

properties via inoculation with LaB6 nanoparticles[J]. Additive Manufacturing, 2020, 32: 101034. 

[239] XI L, WANG P, PRASHANTH K G, et al. Effect of TiB2 particles on microstructure and crystallographic 

texture of Al-12Si fabricated by selective laser melting[J]. Journal of Alloys and Compounds, 2019, 786: 

551-556. 

[240] KORI S A, MURTY B S, CHAKRABORTY M. Development of an efficient grain refiner for Al-7Si 

alloy[J]. Materials Science and Engineering: A, 2000, 280: 58-61. 

[241] SERCOMBE T, LI X, ASTFALACK L, et al. Selective laser melting of aluminium and aluminium metal 

matrix composites[J]. Progress in Additive Manufacturing, 2016: 433-438. 

[242] ASTFALCK L C, KELLY G K, LI X, et al. On the breakdown of SiC during the selective laser melting of 

aluminum matrix composites[J]. Advanced Engineering Materials, 2017, 19(8): 1600835. 

[243] KARANTZALIS A E, LEKATOU A, GEORGATIS M, et al. Casting-based production of Al-TiC-AlB2 

composite material through the use of KBF4 salt[J]. Journal of Materials Engineering and Performance, 

2020, 20(2): 198-202. 

[244] GRIFFITHS S, CROTEAU J R, ROSSELL M D, et al. Coarsening- and Creep Resistance of 

Precipitation-Strengthened Al-Mg-Zr Alloys Processed by Selective Laser Melting[J]. Acta Materialia, 

2020, 188: 192-202. 

[245] SHYAM A, PLOTKOWSKI A, BAHL S, et al. An additively manufactured AlCuMnZr alloy 

microstructure and tensile mechanical properties[J]. Materialia, 2020, 12: 100758. 

 

 

 

 

 

 

 

 



第 3x 卷第 00 期                              毕江，等：铸造、快凝及增材耐热铝合金的研究进展 

 

41 

Research Progress of Casting, Rapid Solidified and Additive 

Manufactured Heat Resistant Aluminum Alloy 
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Abstract: In recent years, the demand for lightweight heat-resistant aluminum alloy with excellent high 

temperature oxidation resistance and creep resistance in the medium temperature range of 300~500 °C 

has become more and more exuberant in the aerospace field. However, the high temperature softening 

problem of aluminum alloy has always been restricting the structural design and service safety of parts 

in the middle temperature range. To overcome this shortcoming, the characteristics of different 

preparation processes should be considered according to the comprehensive requirements (performance, 

cost, efficiency) of different application scenarios. A sufficient number of thermally stable nano-phases 

should be uniformly distributed in the alloy matrix by adding or alloying in-situ self-generation for 

different system alloys, so as to pin the grain boundary and inhibit the grain boundary movement and 

dislocation slip. In this paper, the research progress and application of heat-resistant aluminum alloys 

were summarized from three aspects of casting, rapid solidification and additive manufacturing. The 

control methods of microstructure and properties of heat-resistant aluminum alloys with different 

systems were analyzed, and the latest research results of heat-resistant aluminum alloys were 

summarized. At the same time, the future research direction of heat-resistant aluminum alloys was 

prospected. 

Key words: heat-resistant aluminum alloy; preparation process; component optimization; 

microstructure regulation; service performance 
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