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Abstract: <110>-oriented single-crystalline iridium micropillars with diameters ranging from 1000 nm to 7400 nm were fabricated 

by focused-ion-beam (FIB), and uniaxial compression tests for iridium micropillars were performed using a nanomechanical 

instrument. The results reveal that the yield strength of micropillars follows a power law depending on diameter, as reported in other 

face-centered cubic (fcc) metals. Unlike the mechanical behavior of bulk iridium when uniaxial compression is performed, the 

micro- and nano-scale flow stress increases with decreasing the micropillar diameter, which is attributed to the size-dependent effect. 

Moreover, the plastic deformation shows a periodical jerky and strain bursts, and the rate of strain bursts and the sensitivity of strain 

rate for iridium micropillars under uniaxial compression were mainly investigated. The experiments also indicate that the 

displacement jump increases with increasing the duration time and micropillar diameter. In addition, the strain rate sensitivity (SRS) 

index m increases with decreasing the diameter of iridium micropillar. 
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It is very important to understand the complex mechanical 

behavior of materials at micro- and nanoscale, as more and 

more miniaturized devices are used in modern technological 

applications

[1,2]

. It is found that the flow stress of micro- and 

nano-scale depends on micropillar diameter, which is the size 

effect

[3-12]

, whereas it is a size-independent property for the 

bulk

[13-15]

. In 2004, Uchic et al

[3]

 conducted the micro- 

compression test for Ni micropillars fabricated FIB, and the 

phenomenon “smaller is stronger” was observed. The 

compression tests for micropillars have been performed by 

many researchers since then

[13-20]

. Many experiments show 

that the flow stress depends on the micropillar diameter in a 

power-law: σ

 

∝

 

d

-n

, where σ is the flow stress, d is the 

micropillar diameter, and n is the exponent ranging from 0.6 

to 1.0 for face-centered cubic (fcc) metals

[1,2,21]

. Some theories 

have been put forward to explain size effect at micro- and 

nano-scale

[22-29]

, and the dislocation starvation model is 

generally accepted

[6,30]

. 

Recently, uniaxial compression experiments were carried 

out using nano-indenter with a flat punch for Ni, Al, Au and 

Cu micropillars fabricated by focused-ion-beam (FIB)

[3-15]

. On 

the one hand, the method can supply the information of 

stress-strain curves during the compression tests; on the other 

hand, it reduces the possibility of the presence of large strain 

gradients

[22,25]

. There are still some differences between micro- 

scale and bulk samples according to numerous compression 

tests: (1) smaller is stronger, which means that the yield 

strength increases drastically with the reduction of the 

diameter of micropillar

[4]

; (2) the stress-strain curves during 

plastic deformation show intermittently strain bursts

[6]

.  

Most previous studies have mainly focused on the size- 

dependent effect of micro-scale micropillars, but few have 

focused on the stochastic nature of plasticity and the strain 

rate sensitivity, and the studies on compression of single- 

crystalline iridium (Ir) micropillars are particularly less. Ir has 

a high melting point (2443 °C), which is one of the attractive 
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metals in high-temperature applications due to its excellent 

corrosion resistance and good mechanical properties above 

1600 °C. For example, iridium crystals have been widely used 

in nuclear fuel container, coatings of rocket thrusters, 

automotive spark plugs and crucibles for single-crystal 

growth

[31]

. In this work, the velocities of strain bursts and 

strain rate sensitivity were investigated. 

1  Experiment 

The <110>-oriented single-crystalline iridium sample with 

dimensions of 10 mm×10 mm×0.5 mm was supplied by 

MaTecK-Material-Technologie&Kristalle GmbH, which was 

non- residual stress and defect-free. The single-crystalline 

iridium micropillars with diameters of 1, 2, 3, 5, and 7.4 µm 

were fabricated using focused-ion-beam (FIB) and subse- 

quently compressed in the Hysitron Ti 950 nano-indenter at 

room temperature. The aspect ratio (height/diameter) of all 

micropillars is 2.5, as shown in Fig.1. The micropillars (Fig.1a) 

produced by FIB were compressed using a diamond micro- 

indenter and the strain rate ranged from 10

-4

 s

-1

 to 10

-2

 s

-1

. 

2  Results and Discussion 

2.1  Velocities of strain bursts 

Fig.2 shows the engineering stress-strain curve of a 

micropillar with 3000 nm in diameter, and there are many 

strain bursts on the curve. The inset highlights a zoomed-in 

data portion of three displacement jumps, which indicates that 

the decrease of compressive stress partly occurs during the 

forward surge. Then the stress rapidly drops over dozens of 

MPa at the end of the displacement jump, and the subsequent 

unloading is linearly elastic. 

Fig.3a shows the relationship between then axial displace- 

ment and the temporal duration, which includes more than 100 

strain bursts. The displacement jump increases with the 

duration time, and the larger the micropillar diameter, the 

higher the axial displacement. Here an average axial dis- 

placement rate was defined to describe the deformation 

behavior for all micropillars, ∆h/∆t

[32]

, and the results are shown 

in Fig.3b. Fig.3b reveals that the clusters strongly correlate with 

the micropillar size, that is, the axial displacement rate increases 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  <110>-oriented single-crystalline iridium micropillars with 

different sizes (a) and SEM image of diamond indenter (b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  Engineering stress-strain curve of iridium micropillars with 

3000 nm in diameter (inset displaying three zoomed-in dis- 

placement jumps) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Relationship between axial displacement and corresponding 

temporal duration (a) and displacement jump velocity vs 

micropillar diameters (b) 

 

with increasing the micropillar diameter. 

2.2  Effects of strain rate and sample size on the strength 

of iridium micropillars 

Fig.4a shows the dependence of yield strength with strain rate 

for <110>-oriented single-crystalline iridium micropillars with 

different diameters. It indicates that the yield strength increases 

with increasing the strain rate for micropillars with diameters 

from 1000 nm to 2000 nm, but it is opposite for micropillars 

with a diameter of 3000 nm, and the yield strength get much 
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higher when the diameter of micropillar is smaller at the same 

strain rate, that is “size-dependent effect”. The relationship 

between yield strength and the diameter of iridium micropillar 

can be described by a formula as follows

[33]

: 

YS

n

σ Ad

−

=

                                    (1) 

where σ

YS

 is the yield strength, A is a constant related to 

materials, d is the diameter of the micropillar, and n is the 

exponent which is generally 0.6~1.0 for most fcc metals. A 

larger n indicates a stronger size-dependent effect. Fig.4b shows 

the yield strength as a function of micropillar diameter, and it 

can be found that n is 1.15, demonstrating that the size- 

dependent effect of single-crystalline iridium micropillars is 

fairly strong. 

The yield strength is shown in Fig.5 for micropillars with 

different diameters, and the yield strength increases with 

decreasing the diameter at the same strain rate, which is also 

attributed to the “smaller is stronger” effect. For comparison, 

two strain rates of 1×10

-2

 and 1×10

-3

 s

-1

 were set. It reveals 

that the slope of line at 1×10

-2 

s

-1

 is larger than at 1×10

-3

 s

-1

 

when the diameters are less than 3000 nm, that is to say, the 

size-dependent effect is stronger at 1×10

-2

 s

-1

. It is prominent 

that yield strength increases obviously with decreasing the 

diameter of micropillar when the micropillar is less than 3000 

nm, and the yield strength increases slowly when the 

micropillar is larger than 3000 nm at the stain rate 1×10

-3

 s

-1

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Yield strength of <110>-oriented single-crystalline iridium 

micropillars as a function of strain rate (a) and relationship 

between yield strength and diameters at the strain rate of 

1×10

-3

 s

-1

 (b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  Relationship between yield strength of <110>-oriented single- 

crystalline iridium micropillars and micropillar diameters 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  Relationship between SRS index (m) and diameters for 

<110>- oriented single-crystalline iridium micropillars 

 

The strain rate sensitivity can be described by an 

equation as follows: 

0

=

m

σ σ ε

�

                                   (2) 

where σ is the flow stress, σ

0

 is a constant, ε

�

 is the strain 

rate, and m is the strain rate sensitivity index. Fig.6 shows the 

relationship between SRS index (m) and the micropillar 

diameters for <110>-oriented single-crystalline iridium 

micropillars. It reveals that the SRS index increases with 

decreasing the diameter of micropillars. 

3  Conclusions 

1) The displacement jump rate and strain rate sensitivity are 

investigated based on the strain bursts in iridium micropillar. 

Experiments reveal that the displacement jump increases with 

the duration time, and the larger the micropillar diameter, the 

higher the axial displacement. Moreover, the axial displace- 

ment rate increases with increasing the diameter, i.e. there is a 

correlation between strain burst and stress.  

2) The <110>-oriented single-crystalline iridium micropillars 

show strong size-dependent effect, and the size-dependent 

effect is stronger at 1×10

-2

 s

-1 

than at 1×10

-3

 s

-1

 when the 

diameter is less than 3000 nm.  
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3) The value of strain rate sensitivity index may increase 

with decreasing the diameter of micropillars. 

References 

1 Greer J R, De Hosson J T M. Progress in Materials Science[J], 

2011, 56(6): 654 

2 Dehm G. Progress in Materials Science[J], 2009, 54(6): 664 

3 Uchic M D, Dimiduk D M, Florando J N et al. Science [J], 2004, 

305(5686): 986 

4 Dimiduk D M, Uchic M D, Parthasarathy T A. Acta 

Materialia[J], 2005, 53(15): 4065 

5 Greer J R, Nix W D. Applied Physics A[J], 2005, 80(8): 1625 

6 Greer J R , Nix W D. Applied Physics A (Materials Science 

Processing)[J], 2005, 80(8): 1625 

7 Uchic M D, Dimiduk D M. Materials Science & Engineering 

A[J], 2005, 400(1): 268 

8 Ng K S, Ngan A H W. Acta Materialia[J], 2008, 56(8): 1712 

9 Ng K S, Ngan A H W. Philosophical Magazine[J], 2009, 89(33): 

3013 

10 Kunz A, Pathak S, Greer J R. Acta Materialia[J], 2011, 59(11): 

4416 

11 Kiener D, Grosinger W, Dehm G et al. Acta Materialia[J], 2008, 

56(3): 580 

12 Zhang J Y, Liang X, Zhang P et al. Acta Materialia[J], 2014, 66: 

302 

13 Frick C P, Clark B G, Orso S et al. Materials Science and 

Engineering A[J], 2008, 489(1-2): 319 

14 Norfleet D M, Dimiduk D M, Polasik S J et al. Acta 

Materialia[J], 2008, 56(13): 2988 

15 Schneider A S, Kiener D, Yakacki C M et al. Materials Science 

and Engineering A[J], 2013, 559: 147 

16 Oh S H, Legros M, Kiener D et al. Nature Materials[J], 2009, 

8(2): 95 

17 Zhou C, Beyerlein I J, LeSar R. Acta Materialia[J], 2011, 59(20): 

7673 

18 Lee S W, Han S M, Nix W D. Acta Materialia[J], 2009, 57(15): 

4404 

19 Jennings A T, Li J, Greer J R. Acta Materialia[J], 2011, 59(14): 

5627 

20 Imrich P J, Kirchlechner C, Motz C et al. Acta Materialia[J], 

2014, 73: 240 

21 Uchic M D, Shade P A, Dimiduk D M. Annual Review of 

Materials Research[J], 2009, 39: 361 

22 Nix W D, Gao H. Journal of the Mechanics and Physics of 

Solids[J], 1998, 46(3): 411 

23 Tymiak N I, Kramer D E, Bahr D F et al. Acta Materialia[J], 

2001, 49(6): 1021 

24 Gao H, Huang Y, Nix W D. Naturwissenschaften[J], 1999, 

86(11): 507 

25 Gao H, Huang Y, Nix W D et al. Journal of the Mechanics and 

Physics of Solids[J], 1999, 47(6): 1239 

26 Huang Y, Gao H, Nix W D et al. Journal of the Mechanics and 

Physics of Solids[J], 2000, 48(1): 99 

27 Huang Y, Xue Z, Gao H et al. Journal of Materials Research[J], 

2000, 15(8): 1786 

28 Huang Y, Chen J Y, Guo T F et al. International Journal of 

Fracture[J], 1999, 100(1): 1-27 

29 Swadener J G, George E P, Pharr G M. Journal of the Mechanics 

and Physics of Solids[J], 2002, 50(4): 681 

30 Greer J R, Nix W D. Physical Review B[J], 2006, 73(24): 245 

410 

31 Wang P, Yu J, Zhou X L et al. Rare Metal Materials and 

Engineering [J], 2015, 44(10): 2363 

32 Maaß R, Derlet P M, Greer J R. Scripta Materialia[J], 2013, 

69(8): 586 

33 Zhang J Y, Lei S, Niu J et al. Acta Materialia[J], 2012, 60(10): 

4054 

 

 

�����������	
�� 

�

�  ���  ����	�
���  ���  � 

(�������� 	���
��������������� �� 650106) 

 

�  ������� !FIB"#$%&'( 1000 nm) 7400 nm*+,-<110>./0123�4(56789: Sementort;<=%

1>?@A�BCDE��123-FGHIJ&'KLMNO�PJ FIB#$QNB123-R?@��JST0(1>?@A�;

-UV=WXY�R56ZI-[\]U^_3&'-`aPbc�dZef]Bgh�ijklmnK�L-okpq]k����

�%1>?@r0123-]koksIp]ktujvwBCDE��?@xyz^_{|}~p�3&'-bcPbc�Y}��

%]ktuj!SRS"�� m^_3&'-`aPbcB 

����0R3�FIB�56?��?@A��Zef]�]kok�SRS 

 

������  ����1982�������������������	���
��������������� �� 650106�

���0871-68329076�E-mail: liuyi@ipm.com.cn 


