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Abstract. As part of NASA’s University Leadership Initiative (ULI) program a team of researchers led 
by Texas A&M University are investigating compact and lightweight shape memory alloy (SMA) 
actuators to drive real time geometry changes in order to minimize the boom signature of supersonic 
vehicles across all aircraft configurations and atmospheric conditions. The NiTiHf system of high 
temperature shape memory alloys (HTSMA) was selected as the baseline alloy for the project. In 
addition to the higher transformation temperatures the nickel rich NiTiHf compositions possess a 
significantly improved thermomechanical stability compared to NiTi alloys, while maintaining a 
comparably high work output. This paper describes the testing done to quantify actuation cycling limits 
and failure modes of these materials. Alloy composition, microstructure, and thermomechanical cycling 
parameters have all been shown to affect the extended cycling behavior and lifetime performance of 
HTSMAs. The impact of each of these parameters on actuation fatigue and extended cycling 
performance are presented. The most effective and practical method to extend both structural lifetime 
and stabilize the actuation performance of an HTSMA component is shown to be partial thermal cycling. 
An order of magnitude increase in actuation fatigue lifetime has been successfully achieved by limiting 
transformation per cycle through partial heating under load. More importantly, actuation work was kept 
nearly constant by increasing stress while thermally limiting actuation strain. This has been shown to be 
more effective at increasing the fatigue life than reducing actuation stress level alone, yielding 5 to 10 
times the relative improvement in fatigue life. 

Keywords: High Temperature Shape Memory Alloys; Shape Memory Alloys, SMA, NiTiHf, 
Actuation Fatigue; Partial Transformation; Partial Cycling; Minor Loops. 

1. INTRODUCTION
To enable the return to flight of civil supersonic aircraft, vehicle designs must move beyond 

traditional aerodynamic performance metrics to include the shaping of sonic boom signatures 
to minimize perceived loudness across a wide range of conditions. A vehicle’s Mach, angle of 
attack, and the atmospheric profile between the aircraft and the ground have all been shown to 
have a significant impact on perceived loudness. To minimize the impact of the adverse 
conditions on perceived noise small modifications to the geometry of the vehicle’s outer mold 
line (OML) have been shown restore the vehicle to a low boom state [5].  
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$�PXOWLGLVFLSOLQDU\�WHDP�OHG�E\�7H[DV�$	0�8QLYHUVLW\�LV�LQYHVWLJDWLQJ�FRPPHUFLDOO\�YLDEOH�
FLYLO�VXSHUVRQLF� WUDQVSRUW�DLUFUDIW� WKDW�FDQ�PRGLI\� WKHLU�VKDSH�GXULQJ�IOLJKW�XQGHU�D� UDQJH�RI�
FRQGLWLRQV� WR� PHHW� QRLVH� DQG� HIILFLHQF\� UHTXLUHPHQWV� IRU� RYHUODQG� IOLJKW.� 7KLV� SURMHFW� LV�
VSRQVRUHG�XQGHU�1$6$¶V�8QLYHUVLW\�/HDGHUVKLS�,QLWLDWLYH��8/,��SURJUDP.�6KDSH�PHPRU\�DOOR\�
�60$��EDVHG�DFWXDWRUV�ZHUH�VHOHFWHG�IRU�WKH�DGDSWLYH�JHRPHWU\�DSSOLFDWLRQ�DV�WKH\�FDQ�HQDEOH
D�FRPSDFW�DQG�OLJKWZHLJKW�GLVWULEXWHG�V\VWHP�WKDW�FDQ�SURYLGH UHDO�WLPH�VKDSH�FKDQJHV�WR�WKH�
RXWHU�PROG�OLQH��20/��PDLQWDLQLQJ�RSWLPDO�ORZ ERRP�DQG�ORZ GUDJ�FRQILJXUDWLRQV�DFURVV�DOO�
HQYLURQPHQWV�DQG�IOLJKW�FRQGLWLRQV�>6��7��9@.

1L7L+I� KLJK� 7HPSHUDWXUH� 60$V� �+760$V�� ZHUH� VHOHFWHG� DV� WKH� EDVHOLQH� PDWHULDO.�
+760$V SUHYHQW� LQDGYHUWHQW� DFWXDWLRQ�� DV� WKH� PDUWHQVLWH� ILQLVK WHPSHUDWXUH� LV� EHORZ� DQ\�
DQWLFLSDWHG� RSHUDWLRQDO� DPELHQW� WHPSHUDWXUHV� IRU� DLUFUDIW SDUWV�� VSHFLILHG� DV� 85 &.� ,W� LV� DOVR�
LPSRUWDQW� WR� PLQLPL]H� WKH $XVWHQLWH� ILQLVK� WHPSHUDWXUH� WR� OLPLW� WKH� SRZHU� QHHGHG� IRU� IXOO�
DFWXDWLRQ.� $GGLWLRQDOO\�� D� 100�000� F\FOH� OLIHWLPH� DW DFWXDWLRQ� VWUDLQV� JUHDWHU� WKDQ� 2�� ZDV
VSHFLILHG�WR�VXSSRUW�SUDFWLFDO�FRPPHUFLDO�DSSOLFDWLRQV.

6LQFH� LWV� GLVFRYHU\� LQ� WKH� 1960V��
60$V� KDYH� EHHQ� ZLGHO\� VWXGLHG� DQG�
JDLQHG� VLJQLILFDQW� FRQVLGHUDWLRQ� IRU�
DFWXDWLRQ�DSSOLFDWLRQV�RZLQJ�WR�LW�UREXVW�
QDWXUH��ORZ�ZHLJKW��KLJK�HQHUJ\�GHQVLW\�
DQG���LQWHJUDWLRQ�DGYDQWDJHV�>8@.�7HUQDU\�
1L7L� EDVHG� KLJK� WHPSHUDWXUH� 60$V�
�+760$V��� VXFK� DV� 1L7L=U�� 1L7L3G��
1L7L37��DQG�1L7L+I��H[KLELW�PRVW�RI�WKH�
GHVLUHG� SURSHUWLHV� RI� ELQDU\� 1L7L�
LQFOXGLQJ� KLJK� ZRUN� RXWSXW�� FRUURVLRQ�
UHVLVWDQFH� DQG� WUDQVIRUPDWLRQ� VWUDLQ��
ZKLOH� DOVR� HQDEOLQJ� PDUWHQVLWLF�
WUDQVIRUPDWLRQ� WHPSHUDWXUHV� XS� WR�
500 &.�1L7L+I�KDV�HPHUJHG�DV�D� ORZHU�
FRVW� FKRLFH� ZKHQ� FRPSDUHG� WR� WHUQDU\�

+760$V�ZLWK�H[SHQVLYH�QREOH�PHWDO�FRQVWLWXHQWV��LQFOXGLQJ�3W��3G�RU�$X.��7KH�IRUPDWLRQ�RI�
WKH�+�SKDVH�SUHFLSLWDWHV�GXULQJ�DJLQJ�LQ�1L�ULFK�1L7L+I�DOORZV�IRU�WKH�VHWWLQJ RI�WUDQVIRUPDWLRQ�
WHPSHUDWXUHV�ZLWKLQ�D�ZLGH�UDQJH�DQG�VWUHQJWKHQV�WKH�PDWUL[�DJDLQVW�SODVWLFLW\.�+RZHYHU��WKH�
VHQVLWLYLW\ RI�VKDSH�PHPRU\�SURSHUWLHV�WR�FRPSRVLWLRQ�LQ�1L�ULFK�60$�PDWHULDOV UHPDLQV�DQ�
LQKHUHQW� SUREOHP.� $� FKDQJH� RI� MXVW� 0.1� DW.� �� RI� 1L� FRQWHQW� FDQ� DOWHU� WKH� WUDQVIRUPDWLRQ�
WHPSHUDWXUHV�RI�1L7L�PDWHULDOV�E\�DV�PXFK�DV�50 &.�:KLOH�PDLQWDLQLQJ�H[DFW�FRPSRVLWLRQ�LQ�
WKH�ILQDO�SURGXFW�LV�FKDOOHQJLQJ�GXULQJ�IDEULFDWLRQ�RI�ELQDU\�1L�ULFK�1L7L�60$V��LW�LV�D�ELJJHU�
FKDOOHQJH� IRU� 1L7L+I� VLQFH� +I� FRQWHQW� QHHGV� WR� EH� FRQWUROOHG� DV� ZHOO.� 7UDQVIRUPDWLRQ�
WHPSHUDWXUHV��DFWXDWLRQ�IDWLJXH�OLIH F\FOHV�DQG VWUXFWXUDO�VWDELOLW\ DUH�DIIHFWHG�E\�WKH�YDULDWLRQV�
EHWZHHQ�GLIIHUHQW�IDEULFDWHG�EDWFKHV.�2SHUDWLRQDO�SDUDPHWHUV��VXFK�DV�XSSHU�F\FOH�WHPSHUDWXUH�
�8&7��DQG�SHUFHQWDJH�RI�IXOO�WUDQVIRUPDWLRQ�KDYH�DOVR�EHHQ�VKRZQ�WR�KDYH�VLJQLILFDQW�LPSDFW�
RQ�DFWXDWLRQ�SHUIRUPDQFH.�3UHYLRXV�VWXGLHV�RQ�+760$�KDYH�ODUJHO\�EHHQ�EDVHG D�VLQJOH�EDWFK�

)LJXUH�1��)DFWRUV�HIIHFWLQJ�60$�DFWXDWLRQ�
DQG�IDWLJXH�SHUIRUPDQFH.�
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of material at a time. However, when using the same testing parameters for different batches of 
the same nominal composition that were fabricated with similar processing conditions, a 
significant variation in actuation fatigue life was observed between batches [1,3,4]. While the 
issue of reproducibility may not be as critical for laboratory scale experiments, it is regarded as 
crucial for large scale production. 

2. COMPOSITION
The first objective of this study was to investigate batch to batch variations on the actuation 

and fatigue performance of NiTiHf HTSMAs. To achieve this, four batches of nickel rich 
material, with a target composition of Ni50.3Ti29.7Hf20 (at. %), were produced via vacuum 
induction skull melting (VISM). The ingots were homogenized at 1050°C for 72 h in vacuum 
and then extruded in a single pass at 900°C with an area reduction ratio of 6:1. Compositional 
analyses of the different batches of as-extruded materials were performed using inductively 
coupled plasma-atomic emission spectroscopy (ICP-AES) to quantify the matrix composition. 
C, N, and O concentrations were measured using combustion-infrared absorbance, inert gas 
fusion-thermal conductivity and inert gas fusion-infrared absorbance, respectively. 

Results of the compositional analysis for the different batches of NiTiHf are shown in Table 
1. All batches differ slightly from the target composition. The measurements for all four batches
indicate similar Ni content which is above the target composition and slightly lower than the 

target composition for Ti and Hf concentrations. All batches show trace amounts of Zr which 
is an inevitable contamination in Hf refining. It should be noted that given the tolerances and 
uncertainties using ICP-AES (±1% of the absolute level of the element being analyzed) it is 
difficult to distinguish one batch from the other and from the nominal target compositions. 

To further assess and determine the composition of each batch DSC measurements were 
conducted to determine the stress free transformation temperatures (TT) after solutionization. 
The DSC results shown in Fig. 2 indicates large differences between the transformation 
temperatures of all batches. The effect of Hf on the transformation temperatures of NiTiHf with 
a constant Ni content is minor compared to the effect of Ni on the transformation temperatures 
[2]. Therefore, the changes in transformation temperatures (TT) of the NiTiHf due to small 
changes in Hf content are negligable and the changes are attributed to the changes in Ni content. 
The DSC results indicate that despite having the same nominal composition, the Ni content is 
the highest in Batch #4 and lowest in Batch #2 based on the Ni-content dependency of 

Table 1: Batch compositions using ICP-AES 

Batch # Ni (at. %) Ti (at. %) Hf (at. %) Zr (at. %) C (wt. %) N (wt. %) O (wt. %)
1 50.78 29.32 19.2 0.69 0.013 0.002 0.042
2 50.76 29.57 19.43 0.24 0.005 0.002 0.036
3 50.81 29.25 19.67 0.27 0.004 0.000 0.020
4 50.52 29.31 19.8 0.12 0.010 0.001 0.010
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WUDQVIRUPDWLRQ�WHPSHUDWXUHV.�$IWHU�
DJLQJ�� WKH� WUDQVIRUPDWLRQ�
WHPSHUDWXUHV� DUH� IDLUO\� VLPLODU��
H[FHSW�IRU�%DWFK��4�ZKLFK�LV�DERXW�
25 &�ORZHU.

%ULJKW�ILHOG� 7(0� LPDJH�
DQDO\VLV� ZDV� SHUIRUPHG� WR�
LQYHVWLJDWH�WKH�+�SKDVH�SUHFLSLWDWH�
VL]H��PRUSKRORJ\�DQG�GLVWULEXWLRQ�
LQ� DOO� RI� WKH� EDWFKHV� DIWHU� DJLQJ.�
3UHFLSLWDWHV�LQ�%DWFK��1�DQG����DUH
VLPLODU� LQ� VL]H� ZLWK� DQ� DYHUDJH�
OHQJWK�RI�DERXW�15�QP.�3UHFLSLWDWHV�
LQ�%DWFK��4�ZHUH�VOLJKWO\�VPDOOHU��
DERXW�1��QP.�)RU�%DWFK��2��DJHG�
DW�475 &�IRU���KUV WR�FUHDWH�VLPLODU�
77V� WR WKH� RWKHU� EDWFKHV�� WKH�
SUHFLSLWDWHV� ZHUH� PXFK� VPDOOHU
ZLWK�DQ�DYHUDJH� OHQJWK�DQG�ZLGWK�
RI� DERXW� 4.5� QP.� %RWK� %DWFK� �1�
DQG� ��� KDG� VLPLODU�� VRPHZKDW�
UDQGRP� GLVWULEXWLRQV� RI� GHQVHO\�
SRSXODWHG� OHQWLFXODU� SUHFLSLWDWHV.�
%DWFK� �4� DSSHDUV WR� KDYH� HYHQ�
PRUH� GHQVHO\� SRSXODWHG�
SUHFLSLWDWHV�� DOWKRXJK� WKH\� DUH�
VOLJKWO\�VPDOOHU.�7KLV�LV�OLNHO\�GXH�
WR�WKH�VOLJKWO\�KLJKHU�1L�FRQWHQW�LQ�
%DWFK� �4�� LQIHUUHG� IURP� WKH�'6&�
UHVXOWV��ZKLFK�VKRXOG�OHDG�WR�PRUH�
SUHFLSLWDWH�QXFOHDWLRQ�VLWHV.�

,Q� DGGLWLRQ� WR� WKH
FKDUDFWHUL]DWLRQ� RI� +�SKDVH�

SUHFLSLWDWHV�� PLFURVWUXFWXUHV� RI� DOO� EDWFKHV� ZHUH� LQYHVWLJDWHG� XVLQJ� 6(0� LQ� EDFN�VFDWWHUHG�
HOHFWURQ� �%6(�� PRGH� DQG� ZHUH� IRXQG� WR� FRQVLVW� RI� D� 1L7L+I� PDWUL[� ZLWK� KHWHURJHQHRXVO\�

GLVWULEXWHG� +I22�� �7L� ��
+I�41L22[�� DQG�
KDIQLXP� R[\FDUELGH�
SDUWLFOHV� �DV� LGHQWLILHG�
ZLWK� HQHUJ\� GLVSHUVLYH�
;�5D\� VSHFWURVFRS\�
�('6��.�$OO� EDWFKHV�KDG�

)LJXUH�2��'6&�UHVXOWV�IRU�4�EDWFKHV�RI�1L7L+)

(b)

)LJXUH���
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YHU\�IHZ�DQG�VSDUVHO\�GLVWULEXWHG��7L���+I�41L22[�SDUWLFOHV��SDUWLFXODUO\ LQ�FRPSDULVRQ�ZLWK�
WKH�DPRXQW�RI�KDIQLXP�R[LGH�DQG�R[\FDUELGHV.�7KH�UDQNLQJ�RI�WKH�EDWFKHV�IROORZLQJ�FKHPLFDO��
'6&��DQG�PLFURVWUXFWXUH�DQDO\VLV�IRU�SURSHUWLHV�VXVSHFWHG�RI�HIIHFWLQJ�IDWLJXH�DUH�VKRZQ�LQ�Fig. 
3.�

3. ACTUATION FATIGUE EXPERIMENTS

3.1. Batch to batch variation 
)RXU�EDWFKHV�RI�1L7L+I�ZLWK�WKH�VDPH�QRPLQDO�FRPSRVLWLRQ�ZHUH�WHVWHG�LQ�DFWXDWLRQ�IDWLJXH�

H[SHULPHQWV�WR�HYDOXDWH�DQG�FRPSDUH�WKHLU�GXUDELOLW\.�)ODW�GRJ�ERQH�VDPSOHV�ZLWK�D�JDXJH�
VHFWLRQ�40�PP�ORQJ��2.5�PP�ZLGH��DQG�1�PP�WKLFN�ZHUH�FXW�XVLQJ�ZLUH�('0.�$FWXDWLRQ�
IDWLJXH�WHVWLQJ�ZDV�SHUIRUPHG�XVLQJ�D�FXVWRP�EXLOW�DSSDUDWXV��DV�VKRZQ�LQ�Fig. 4.�

�1��)ODW�GRJ�ERQH�VSHFLPHQV�DUH�FODPSHG�LQ�VWDLQOHVV�VWHHO�IULFWLRQ�JULSV�DQG�KXQJ�IURP�WKH�

IUDPH.��2��7HPSHUDWXUH�LV�PHDVXUHG�XVLQJ�DQ�LQIUDUHG�WKHUPRPHWHU�ZKLFK�LV�PRXQWHG�
SHUSHQGLFXODU�WR�WKH�VDPSOH�DQG�WKH�VDPSOHV�DUH�SDLQWHG�ZLWK�D�IODW�EODFN�KLJK�WHPSHUDWXUH�
SDLQW�WR�HQVXUH�XQLIRUP�HPLVVLYLW\.�����$Q�DUPDWXUH�FRQQHFWHG�WR�WKH�ORZHU�JULS�H[WHQGV�WR�WKH�
OLQHDU�GLVSODFHPHQW�VHQVRU�ZKLFK�PHDVXUHV�WKH�H[WHQVLRQ�RI�WKH�VDPSOH�GXULQJ�F\FOLQJ�ZKLFK�
LV�WKHQ�FRQYHUWHG�WR�WUDQVIRUPDWLRQ�VWUDLQ�E\�GLYLGLQJ�E\�WKH�JDXJH�OHQJWK.��4��$�IDQ�LV�VHFXUHG�
WR�WKH�WHVW�IUDPH�WR�FRQYHFWLYHO\�FRRO�WKH�VDPSOH.��5��$�VWHHO�FDEOH�UXQV�IURP�WKH�ERWWRP�JULS�
WKURXJK�WKH�ZRUNEHQFK�WR�ZKLFK�ZHLJKWV�DUH�KXQJ�WR�DFKLHYH�WKH�GHVLUHG�ORDG.��6��$�YDULDEOH�
SRZHU�VXSSO\�SURYLGHV�FXUUHQW�WR�MRXOH�KHDW�WKH�VDPSOHV.��7��$OO�GHYLFHV�DQG�VHQVRUV�DUH�
ZULWWHQ�WR�DQG�UHDG�IURP�WKH�1DWLRQDO�,QVWUXPHQWV�1,6211�GDWD�DFTXLVLWLRQ�GHYLFH��'$4�.�7KH�

)LJXUH�4� 7HVW�IUDPH�IRU�H[WHQGHG�F\FOLQJ�RI�60$�GRJ�ERQHV.
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'$4�FRQQHFWV�WR�D�FRPSXWHU�ZKHUH�WKH�ZKROH�H[SHULPHQW�LV�FRQWUROOHG�WKURXJK�FXVWRP�
ZULWWHQ�/DE9,(:�FRGH.

Fig. 5 LOOXVWUDWHV� WKH� VWUDLQ� YV.� WHPSHUDWXUH� UHVSRQVH� RI� GLIIHUHQW� EDWFKHV� GXULQJ� WKHUPR�
PHFKDQLFDO�F\FOLQJ�XQGHU�400�03D.��7KH�HYROXWLRQ�RI�DFWXDWLRQ�VWUDLQ��LUUHFRYHUDEOH�VWUDLQ��DQG�
PHDVXUHG�IDWLJXH� OLIHV�H[KLELWHG�VLJQLILFDQW�EDWFK WR EDWFK�YDULDELOLW\�XQGHU� WKH�VDPH� WHVWLQJ�
FRQGLWLRQV.�)RU�DOO�EDWFKHV��WKHUH�ZDV�D�VWHDG\�LQFUHDVH�LQ�WRWDO�LUUHFRYHUDEOH�VWUDLQ�XQWLO�IDLOXUH.�
%DWFKHV��1�DQG��4�GLVSOD\HG�DQ� LQFUHDVLQJ�DFWXDWLRQ�VWUDLQ�DW�HDFK�F\FOH�XQWLO� IDLOXUH��ZKLOH�
%DWFKHV��2�DQG����KDG�GLPLQLVKLQJ�YDOXHV�RI�DFWXDWLRQ�VWUDLQ.�%DWFK��2�VKRZHG� WKH�KLJKHVW�
DYHUDJH�IDWLJXH�OLIH�ZLWK�10�400�F\FOHV�ZKLOH�%DWFK��4�ZDV�WKH�HDUOLHVW�WR�IDLO��ODVWLQJ�RQO\�800�
F\FOHV.�7HVW�ZHUH�DOVR�FRQGXFWHG�DW��00�03D�ZLWK�VLPLODU�UHVXOWV.�

7KH�DFWXDWLRQ�VWUDLQ�YV.�F\FOH�IRU�WKH�VDPH�GDWD�LV�VKRZQ�LQ�Fig. 6.�7KH�GHFD\�RI�DFWXDWLRQ�
VWUDLQ�RYHU�F\FOHV�VXJJHVW�WKH�FRQVWDQW�8&7�LV�QRW�FRPSHQVDWLQJ�IRU�WKH�KLJKHU�GULYLQJ�IRUFH�
UHTXLUHG�WR�IXOO\�WUDQVIRUP�DV�WKH�VSHFLPHQV�XQGHUJR�UHSHDWHG�DFWXDWLRQ�F\FOHV.��

)LJXUH 5��)XOO�WUDQVIRUPDWLRQ�VWUDLQ�YV.�WHPSHUDWXUH�UHVSRQVH�RI�WKH�4�EDWFKHV�XQGHU�D�400�03D�ORDG.

#1 550 C 3hrs #2 475 C 3hrs

#3 550 C 3hrs #4 550 C 3hrs

~1,500 cycles

~3,400 cycles

~800 cycles

~10,400 cycles
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3.2. Partial cycling
7KH�VHFRQG�REMHFWLYH�RI�WKLV�VWXG\�ZDV�DQ�DQDO\VLV�RI�WKH�HIIHFWV�RI�SDUWLDO�F\FOLQJ�FRPSDUHG�

WR�IXOO�F\FOLQJ�DFWXDWLRQ�IDWLJXH�RI�1L50.�7L29.7+I.�7KH�UHVXOWV�LQGLFDWH�DQ�RUGHU�RI�PDJQLWXGH�
LQFUHDVH� LQ� DFWXDWLRQ� IDWLJXH� OLIHWLPH� FDQ� EH� DFKLHYHG�ZLWK� SDUWLDOO\� KHDWHG�1L�ULFK�1L7L+I�
VDPSOHV.�0RUH�LPSRUWDQWO\��NHHSLQJ�DFWXDWLRQ�ZRUN�RXWSXW�DOPRVW�WKH�VDPH�E\�LQFUHDVLQJ�WKH�
DSSOLHG� ORDG�DQG�FRQWUROOLQJ�DFWXDWLRQ�VWUDLQ� OHYHO�E\�SDUWLDO� F\FOLQJ�ZDV� VKRZQ� WR�EH�PRUH�
HIIHFWLYH� LQ� LQFUHDVLQJ� WKH� IDWLJXH� OLIH� WKDQ� UHGXFLQJ� DFWXDWLRQ� VWUHVV� OHYHO.�$�5� WR� 10� WLPHV�
UHODWLYH�LPSURYHPHQW�LQ�WKH�IDWLJXH�OLIH�ZDV�REVHUYHG.�

7KH�1L7L+I�+760$�XVHG�IRU�WKLV�VWXG\�KDG�D�QRPLQDO�FRPSRVLWLRQ�RI�1L50.�7L29.7+I20�
�DW.����DQG�ZDV�FDVW�YLD�YDFXXP�LQGXFWLRQ�VNXOO�PHOWLQJ�LQ�D�ZDWHU�FRROHG�&X�KHDUWK.�7KH�FDVW�
LQJRWV�ZHUH�WKHQ�KRPRJHQL]HG�DW�1050 &�IRU�72�KUV DQG�IXUQDFH�FRROHG�EHIRUH�EHLQJ�H[WUXGHG�
LQ�D�VWHHO�FDQ�DW�900 &�WR�DQ�8�1�DUHD�UHGXFWLRQ�UDWLR�LQ�RQH�SDVV.�)ODW�DFWXDWLRQ�IDWLJXH�GRJ�ERQH�
VDPSOHV�ZLWK�D�JDXJH�VHFWLRQ�40�PP�ORQJ��2.5�PP�ZLGH��DQG�1�PP�WKLFN�ZHUH�FXW�XVLQJ�ZLUH�
('0�DQG�DJHG�DW�550 &�����KUV LQ�DLU�LQ�WKH�DV�H[WUXGHG�FRQGLWLRQ.�$FWXDWLRQ�IDWLJXH�WHVWLQJ�

ZDV� SHUIRUPHG� XVLQJ� WKH�
FXVWRP�EXLOW� H[SHULPHQWDO�
DSSDUDWXV�� DV� GHVFULEHG� DERYH�
DQG�VKRZQ�LQ�)LJXUH�4.

'XULQJ� DFWXDWLRQ� IDWLJXH�
WHVWLQJ�VDPSOHV�DUH�ORDGHG�WR�D�
FRQVWDQW� VWUHVV� DQG� WKHUPDOO\�
F\FOHG�� JHQHUDWLQJ� GDWD� LQ� WKH�
IRUP� RI� VWUDLQ/WHPSHUDWXUH�
K\VWHUHVLV�ORRSV�DV�WKH�PDWHULDO�
XQGHUJRHV� SKDVH
WUDQVIRUPDWLRQ.� 7KH� LGHDOL]HG�
VWUDLQ�YV.� WHPSHUDWXUH�GLDJUDP�
LQ�)LJ.�7�LOOXVWUDWHV�KRZ�WKH�IXOO�
DQG� SDUWLDO� WUDQVIRUPDWLRQ�
IDWLJXH� WHVWV� ZHUH� SHUIRUPHG.�
2QH IXOO� DFWXDWLRQ� F\FOH� LV�
GHILQHG� E\� FRROLQJ� IURP� WKH�
8&7� WR� WKH� /&7� DQG� KHDWLQJ�

EDFN�WR�WKH�8&7 �ZKHUH�87&�LV�$ERYH�$I DQG�/&7�LV�EHORZ�0I���GHSLFWHG�E\�WKH�GDVKHG�EOXH�
DQG� UHG� OLQHV�� UHVSHFWLYHO\.�$�SDUWLDO�KHDWLQJ�F\FOH� LV�GHILQHG�E\�KHDWLQJ�IURP� WKH�/&7� WR�D�
WHPSHUDWXUH�WKH�JHQHUDWHV WKH�WDUJHWHG�VWUDLQ�DQG�FRROLQJ�EDFN�WR�WKH�/&7��GUDZQ�LQ�VROLG�UHG�
DQG�EOXH�OLQHV.�

)LJXUH� 6 $FWXDWLRQ�VWUDLQ�YV.�F\FOHV
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)RU� H[WHQGHG� F\FOLQJ�� DOO�
VDPSOHV�ZHUH�ORDGHG�DW��00�03D�
DQG� WHVWHG� WR� IRXU� OHYHOV� RI�
WUDQVIRUPDWLRQ�� 100� WR� 0��
PDUWHQVLWH� YROXPH� IUDFWLRQ�
�09)���100�WR 10��09)��100�WR
25��09)��100�WR 50��09)�DQG�
IXOO� WUDQVIRUPDWLRQ�� 100� WR� 0��
09).� ,QLWLDO F\FOHV� ZHUH�
SHUIRUPHG�E\�F\FOLQJ� WKH�VDPSOH�
EHWZHHQ�D�/&7�RI��5�Û&�DQG�8&7�
RI��00Û&�IRU�100�F\FOHV WR�DFKLHYH�
IXOO� WUDQVIRUPDWLRQ�� VWDELOL]LQJ
DFWXDWLRQ� DQG� GHWHUPLQLQJ� WKH�
PD[LPXP� DWWDLQDEOH� DFWXDWLRQ�
VWUDLQ.

)LJXUH�7��3DUWLDO�F\FOLQJ

300 MPa

)LJXUH�8� 3DUWLDO�F\FOLQJ�DW��00�03D
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$IWHU�100�F\FOHV�WKH�VDPSOHV�ZHUH�FRROHG�WR�WKH�/&7�DQG�RQO\�KHDWHG�XQWLO�WKH�GHVLUHG�IUDFWLRQ�
RI�PD[LPXP�DFWXDWLRQ�VWUDLQ�ZDV�UHDFKHG��L.H.��100���90���75��RU�50��RI�DFWXDWLRQ�VWUDLQ�.�
$W� OHDVW� WKUHH�VSHFLPHQV�ZHUH�F\FOHG XQGHU�HDFK�FRQGLWLRQ��H[FHSW�IRU� WKH�100�±�50��09)�
FDVH��ZKHUH�RQO\�RQH�WHVW�ZDV�UXQ�GXH�WR�WKH�VLJQLILFDQW�WLPH�LW�WRRN�WKH�VDPSOH�WR�IDLO.

$V ZDV� VKRZQ� LQ�Fig. 8 WKH� VWUDLQ YV.� WHPSHUDWXUH� GDWD� LV� FUXFLDO� LQ� DQDO\]LQJ� DFWXDWLRQ�
SHUIRUPDQFH.�7KLV�GDWD�QRW�RQO\�LOOXVWUDWHV�KRZ�WKH�DXVWHQLWH��PDUWHQVLWH��DQG�DFWXDWLRQ�VWUDLQV�

)LJXUH�9� $FWXDWLRQ�VWUDLQ�YV.�F\FOHV�IRU�D�UDQJH�RI�SDUWLDO�F\FOH�SDUDPHWHUV

5,600 cyc
13,000 cyc

1,500 cyc

28,100 cyc

300 MPa

)LJXUH�10��$FWXDWLRQ�VWUDLQ�YV.�F\FOHV�XQGHU�IXOO�WUDQVIRUPDWLRQ�IRU�D�UDQJH�RI�ORDGV.

Full Cycles 300 C UCT
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HYROYH�RYHU�WKH�OLIH�RI�WKH�VDPSOH��EXW�VKRZV�KRZ�WUDQVIRUPDWLRQ�WHPSHUDWXUHV�DQG�K\VWHUHVLV�
FKDQJH�ZLWK�DQ�LQFUHDVLQJ�QXPEHU�RI�F\FOHV.��

5HSUHVHQWDWLYH�VWUDLQ�YV.� WHPSHUDWXUH�UHVSRQVHV�IRU�HDFK�FRQGLWLRQ�DUH�VKRZQ�LQ�Figure 8
7KH�JUD\�OLQHV�VKRZ�WKH�ILUVW�100�FRQWURO�F\FOHV�ZKLFK�ZHUH�UXQ�EHWZHHQ�D�IL[HG�/&7�DQG�8&7.�
7KH�VWDFNHG�OLJKW�EOXH�OLQHV�DUH�WKH�UHPDLQLQJ�F\FOHV�XQWLO�IDLOXUH��L.H.��IURP�/&7�WR�8&7�IRU�
100��WUDQVIRUPDWLRQ�DQG�IURP�/&7�WR�SDUWLDO�VWUDLQ WUDQVIRUPDWLRQ IRU�WKDW�WHVW.�7KH�101VW�F\FOH�
�VKRZQ�LQ�EODFN��LV�WKH�ILUVW�SDUWLDO F\FOH�DW�HDFK�WHVW�FRQGLWLRQ�DV�LW�LV�WKH�ILUVW�F\FOH�DIWHU�WKH�
100�FRQWURO�F\FOHV.�7KH�UHG�OLQH�LV�WKH�ODVW�FRPSOHWH�F\FOH�EHIRUH�WKH�VDPSOH�UXSWXUH.�$OO�IRXU�
SDUWLDO�F\FOLQJ�UDQJHV�DUH�VKRZQ�LQ�Fig. 8.�,Q�HDFK�FDVH�WKH�FXUYHV�VKLIW�XS�DQG�WR�WKH�ULJKW�LQ�
VPDOO�LQFUHPHQWV�ZLWK�HDFK�F\FOH.�7KLV�XSZDUG�VKLIW LQGLFDWHV�DQ�LQFUHDVH�LQ�SODVWLF�GHIRUPDWLRQ�
FDXVLQJ� WKH� VDPSOH� WR� HORQJDWH�RYHU� WLPH.�7KH� VKLIWLQJ� WR� WKH� ULJKW� LV� GXU� WR WKH� LQFUHDVH� LQ�
WHPSHUDWXUH QHHGHG�WR�DFKLHYH�WKH�VDPH�FRQVWDQW�DFWXDWLRQ�VWUDLQ�RYHU�WLPH.�7KLV�VXJJHVWV�WKDW�
D�KLJKHU�GULYLQJ�IRUFH�LV�UHTXLUHG�WR�DWWDLQ�WKH�VDPH�GHJUHH�RI�WUDQVIRUPDWLRQ�DV�WKH�VSHFLPHQV�
XQGHUJR�UHSHDWHG�DFWXDWLRQ.�

7KH�HYROXWLRQ�RI�DFWXDWLRQ�VWUDLQ�RYHU�WKH�OLIH F\FOHV GHULYHG�IURP�WKH�VWUDLQ/WHPSHUDWXUH�GDWD�
LV�SURYLGHG�LQ�Fig. 9.�7KH�KLJKHU�WKH�GHJUHH�RI�SDUWLDO�WUDQVIRUPDWLRQ�WKH�JUHDWHU�WKH�IDWLJXH�OLIH�

DW�WKH�H[SHQVH�RI�DFWXDWLRQ�VWUDLQ.�
7KH� IXOO\� F\FOHG� VDPSOH� ZDV�
WHVWHG� XQGHU� WHPSHUDWXUH� FRQWURO�
ZKLOH WKH� SDUWLDOO\� F\FOHG� WHVWV�
ZHUH� FRQGXFWHG� XQGHU� VWUDLQ�
FRQWURO� WR� PDLQWDLQ� D� FRQVWDQW�
WDUJHWHG� VWUDLQ� YDOXH.� ,Q� VWUDLQ�
FRQWURO� WKH KHDWLQJ� F\FOH� HQGV�
ZKHQ�WKH�WDUJHWHG DFWXDWLRQ�VWUDLQ�
LV� UHDFKHG�VR� WKH�DFWXDWLRQ�VWUDLQ�
VKRXOG� UHPDLQ� FRQVWDQW� DW� WKH�
WDUJHWHG�YDOXH.�+RZHYHU��WKHUH�LV�
D�YHU\�VOLJKW�QHJDWLYH�VORSH�WR�WKH�
100�±�25��DQG�100�±�50��09)�
VDPSOHV� GXH� WR� WKH� $V WR� $I
WUDQVIRUPDWLRQ� KDYLQJ� D� VWHHS�

QHJDWLYH�JUDGLHQW�QHDU�WKH�EHJLQQLQJ�RI�WKH�WHVW�DQG�IODWWHQLQJ DIWHU�IXUWKHU�F\FOLQJ��DV�VKRZQ�LQ�
Fig. 9 DERYH�.�:LWK�D�VWHHS� WUDQVIRUPDWLRQ�JUDGLHQW��DQ\�VPDOO�RYHUVKRRW� LQ� WHPSHUDWXUH� �RI�
HYHQ�D�FRXSOH�RI�GHJUHHV��GXH�WR�WKH�PLQRU�GHOD\�EHWZHHQ�KHDWLQJ�DQG�FRROLQJ�F\FOHV�UHVXOWV�LQ�
D� VOLJKWO\� KLJKHU� DFWXDWLRQ� VWUDLQ� WKDQ�ZDV� WDUJHWHG.�7KLV� HIIHFW� LV� OHVV� SURQRXQFHG�ZLWK� WKH�
VKDOORZHU�WUDQVIRUPDWLRQ�JUDGLHQW�SUHVHQW�LQ�ODWHU�F\FOHV.�

3.3. Constant load cycling 
7R�HQVXUH�WKH�REVHUYHG�WUHQG�RI�GHFUHDVLQJ�OLIHWLPH�ZLWK�LQFUHDVLQJ�DFWXDWLRQ�VWUDLQ�ZDV�GXH�

WR�SDUWLDO�WUDQVIRUPDWLRQ�DQG�QRW�MXVW�D�IDFWRU�RI�DFWXDWLRQ�VWUDLQ�PDJQLWXGH��ZKLFK�FDQ�EH�DOWHUHG�
E\�YDU\LQJ�ORDGV�ZLWK�D�FRQVWDQW�8&7��DGGLWLRQDO�H[SHULPHQWV�ZHUH�FDUULHG�RXW�RQ�WKH�VDPH�

)LJXUH�11� ZRUN�RXWSXW�YV�F\FOHV�IRU�IXOO�DQG�SDUWLDO�F\FOLQJ
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PDWHULDO�ZLWK�D�IL[HG�8&7�RI��00Û&�DQG�DSSOLHG�VWUHVVHV�UDQJLQJ�IURP�150�03D�WR�500�03D DV�
VKRZQ� LQ�Fig. 10 � DQG� FRPSDUHV� WKH� GLVWLQFW� HIIHFWV� RI� SDUWLDO� F\FOLQJ� DQG� YDU\LQJ� ORDGV� RQ�
DFWXDWLRQ�IDWLJXH�OLIH F\FOHV.�7KH�VDPH�GDWD�LV�VKRZQ�LQ�Fig. 11 DV�WKH�DYHUDJH�ZRUN�RXWSXW�YV.�
OLIH F\FOHV.�7KH�ZRUN�RXWSXW�LV�FDOFXODWHG�DV�DSSOLHG�ORDG�LQ�03D�PXOWLSOLHG�E\�WKH�DFWXDWLRQ�
VWUDLQ�IRU�HDFK�F\FOH�DQG�WKHQ�DYHUDJHG.�7KLV�ILJXUH�FOHDUO\�VKRZV�WKDW�VPDOO�GHFUHDVHV�LQ�XVHIXO�
ZRUN�WKURXJK�SDUWLDO�WUDQVIRUPDWLRQ�UHVXOWV�LQ�JUHDW�LQFUHDVHV�LQ�VHUYLFH�OLIH VLJQLILFDQWO\�PRUH�
WKDQ�ZKHQ�SURGXFLQJ�VLPLODU�UHGXFHG�ZRUN�RXWSXW�E\�OHVVHQLQJ�DSSOLHG�VWUHVV.�7KLV�ILJXUH�DOVR�
GHPRQVWUDWHV�D�FOHDU�GLIIHUHQFH�LQ�WUHQG�ZKHQ�LQFUHDVLQJ�WKH�DFWXDWLRQ�OLIHWLPH�E\�UHGXFLQJ�ZRUN�
RXWSXW�WKURXJK�DSSOLHG�VWUHVV�UHGXFWLRQ�RU�SDUWLDO�F\FOLQJ.�

3.4. Additional compositions
7R�YHULI\�WKH�HIIHFWV�RI�SDUWLDO�F\FOLQJ DSSOLHG WR�RWKHU�1L7L+)�EDWFKHV�DQG�FRPSRVLWLRQV��

DGGLWLRQDO� WHVW� ZHUH UXQ� RQ� PDWHULDO� ZLWK� WKH� VDPH� KDIQLXP� FRQFHQWUDWLRQ� DQG� WZR� ORZHU�
KDIQLXP� FRQFHQWUDWLRQV.� ,Q� Fig. 12 OLIH
F\FOHV� IRU� HDFK� DUH VKRZQ� IRU� IXOO�
WUDQVIRUPDWLRQ� F\FOHV� DQG� WZR� SDUWLDO�
F\FOH�UDQJHV.�7KH�GDWD�FRQILUPV�WKH�WUHQGV�
DUH� YHU\� VLPLODU� WR� WKH� GHWDLOHG� VWXG\�
GHVFULEHG�DERYH RQ�D�VLQJOH�FRPSRVLWLRQ�
DQG�EDWFK.�

4. Summary and Conclusions
7KLV�VWXG\�SURYLGHV�LQVLJKW�LQWR�WKH�UDQJH�
RI�EHKDYLRUV�WKDW�FDQ�EH�H[SHFWHG�ZLWKLQ�
WKH� QRUPDO� FRPSRVLWLRQDO� VSUHDG� WKDW�
WDNHV� SODFH� IURP� URXWLQH� IDEULFDWLRQ� RI�
PXOWLSOH� EDWFKHV� RI� 1L7L+I� 60$V.� 7KH�

SULPDU\�REMHFWLYH��WR�H[DPLQH�WKH�FRPSRVLWLRQDO�DQG PLFURVWUXFWXUDO�VHQVLWLYLW\�RI�WKH�DFWXDWLRQ�
IDWLJXH�FKDUDFWHULVWLFV�RI�1L50.�7L29.7+I20��DW.����+760$��KDV�EHHQ�GHPRQVWUDWHG�WKURXJK�
IDEULFDWLRQ�DQG�WHVWLQJ�RI�IRXU�GLIIHUHQW�EDWFKHV�RI�WKLV�QRPLQDO�FRPSRVLWLRQ.�7KH�UHDVRQV�EHKLQG�
WKH�EDWFK WR EDWFK�YDULDWLRQ�LQ�DFWXDWLRQ�IDWLJXH�UHVSRQVH�KDYH�EHHQ�H[WHQVLYHO\�LQYHVWLJDWHG�YLD�
WKH� GLYHUVH� VHW� RI� H[SHULPHQWV� DQG� GLIIHUHQW� FKDUDFWHUL]DWLRQ� WRROV� WR� UHYHDO� KRZ� PLQRU�
YDULDWLRQV�FDQ�VLJQLILFDQWO\�LQIOXHQFH�WKH�WKHUPRPHFKDQLFDO�FKDUDFWHULVWLFV�DQG�SHUIRUPDQFH.�

$FWXDWLRQ�IDWLJXH�H[SHULPHQWV�ZHUH FRQGXFWHG�RQ�D�QRPLQDO�1L50.�7L29.7+I20�+760$�WR�
YDU\LQJ�GHJUHHV�RI�WUDQVIRUPDWLRQ�XQGHU�D�IL[HG��00�03D�ORDG.�)XOO\�F\FOHG�VDPSOHV��100�±�0��
09)��ZHUH�KHDWHG�DQG�FRROHG�EHWZHHQ�D�/&7�RI�45 &��EHORZ�0I��DQG�DQ�8&7�RI��00 &��DERYH�
$I�.�3DUWLDOO\�F\FOHG�VDPSOHV�ZHUH�UXQ�IRU�100�³FRQWURO´�F\FOHV�XQGHU�IXOO�WUDQVIRUPDWLRQ��/&7�
WR�8&7��VWDELOL]H DFWXDWLRQ�DQG�WR�GHWHUPLQH�WKH�PD[LPXP�DFKLHYDEOH�DFWXDWLRQ�VWUDLQ.�$IWHU�
WKH�FRQWURO�F\FOHV��WKH�VDPSOHV�ZHUH�KHDWHG�IURP�WKH�/&7�WR D�YDU\LQJ�3+8&7�XQWLO�WKH�GHVLUHG�
IUDFWLRQ�RI�PD[LPXP�DFKLHYDEOH�DFWXDWLRQ�VWUDLQ�ZDV�REWDLQHG��90���75���DQG�50���DQG�UXQ�
WR� IDLOXUH.� $QDO\VLV� RI� WKH� IDWLJXH� GDWD� DORQJ� ZLWK� SRVW�PRUWHP� DQDO\VLV� XVLQJ� 6(0��
IUDFWRJUDSK\��7(0��DQG�20�OHG�WR�WKH�IROORZLQJ�FRQFOXVLRQV���

)LJXUH�12� 3DUWLDO�F\FOLQJ�RI�DGGLWLRQDO�FRPSRVLWLRQV
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Heating limited partial cycling significantly (more than an order of magnitude) increases 
the actuation fatigue lifetime in precipitation hardened Ni50.3Ti29.7Hf20. The lower the 
degree of transformation the longer the lifetime. More importantly, partial thermal cycling and 
controlling actuation strain results in a much greater increase in fatigue life than lowering the 
actuation stress level, keeping the actuation work output same.  
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