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Abstract

The fatigue response of electrodeposited nanocrystalline pure Ni and a cryomilled ultra-fine-crystalline Al–Mg alloy

was studied. It was found that grain refinement generally leads to an increase in resistance to failure under stress-

controlled fatigue whereas a generally deleterious effect was seen on the resistance to fatigue crack growth.

� 2003 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The resistance of metals and alloys to fatigue
crack initiation and propagation is known to be

influenced significantly by grain size (e.g., [1]). On

the basis of experimental results obtained in mi-

crocrystalline (mc) metals with grain sizes typically

above 1 lm, it is widely recognized that an increase

in grain size generally results in a reduction in

the fatigue endurance limit. Here, with all other

structural factors approximately held fixed, the
endurance limit of initially smooth-surfaced spec-

imens generally scales with the strength of the

material, which increases with decreasing grain

size. On the other hand, a coarse grain structure
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can lead to an increase in the fatigue crack growth

threshold stress intensity factor range and a de-

crease in the rate of crack growth owing to such
mechanisms as periodic deflections in the path of

the fatigue crack at grain boundaries during crys-

tallographic fracture [2], especially in the near-

threshold regime of fatigue crack growth (e.g., [3]).

The relevance of such broad trends extracted from

conventional mc alloys to ultra-fine-crystalline

(ufc) metals (grain size typically in the 100 nm to 1

lm range) and nanocrystalline (nc) metals (grain
size typically less than 100 nm) is largely unknown

at this time. Such lack of understanding is pri-

marily a consequence of the paucity of experi-

mental data on the fatigue response of metals with

very fine grains. The fatigue response of metals

produced by severe plastic deformation using

equal channel angular pressing has been studied

[4–6]. Here, cyclic softening and deterioration in
low cycle fatigue response have been found with

grain refinement, despite an improvement in the
by Elsevier Ltd. All rights reserved.
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fatigue endurance limit seen in stress-life tests.

However, conclusive general trends could not be

extracted from such observations in that mc metals

with severe initial cold work are also known
to exhibit cyclic softening [7]. Comprehensive

knowledge of the fatigue properties of nc and ufc

metals and alloys is critical to the overall assess-

ment of their usefulness in service applications

involving structural components. Inadequate fa-

tigue behavior would likely overshadow several

potentially attractive characteristics [8–12] of fine-

grain materials (i.e. enhanced strength, hardness,
wear and corrosion resistance).

The difficulty associated with characterizing the

fatigue properties of fully dense nc materials of

relatively uniform purity and grain size stems from

current limitations in producing samples with

sufficient dimensions for ‘‘valid’’ fatigue testing.

The thickness of the laboratory specimens pro-

duced for exploratory studies is often limited to a
few hundred micrometers or less, which severely

complicates conventional fatigue testing and

analysis. To the authors� knowledge, detailed and

systematic studies of the resistance of nc materials

to fatigue damage and failure have not been re-

ported in the open literature.

The present study was initiated with the objec-

tive of investigating the effects of cyclic loading on
the fatigue resistance of fully dense nc metals. The

stress–life (S–N ) fatigue response and the fatigue

crack growth resistance of nc electrodeposited

pure Ni were compared with a similarly produced

ufc pure Ni. A particular objective of the present

experimental work was to investigate whether
Fig. 1. Micrographs showing the grain structure
grain refinement in the ufc and nc regime results

in (a) an enhancement in the fatigue endurance

limit, and (b) an increase in the rates of fatigue

crack propagation. For the latter effect, addi-
tional crack growth experiments were also con-

ducted in a cryomilled ufc Al–Mg alloy for which

sizeable quantities of bulk specimens were avail-

able so that conventional fatigue testing could be

employed.
2. Materials and experimental methods

The material investigated in this work is an
electrodeposited, fully dense Ni for which two

different grain sizes were produced using similar

processing methods: an nc material with an aver-

age grain size of 20–40 nm and a ufc equiaxed

structure with an average grain size of approxi-

mately 300 nm. The former had a columnar grain

structure with an aspect ratio of 7–10, whereas the

ufc material was nearly equiaxed. The as-received
structures of both materials were characterized by

electron microscopy (Fig. 1) and/or X-ray diffrac-

tion. Foils of both samples, with dimensions of

approximately 150 mm · 100 mm · 100 lm, were

procured from Integran Corporation, Toronto,

Canada. Full details of the processing and struc-

ture of these electrodeposited Ni specimens are

reported elsewhere [13,14], and will not be ad-
dressed here because of space restrictions. For

comparison purposes, an mc pure Ni with an

equiaxed grain size of 10 lm (procured from

Goodfellow, Berwyn, PA) was also studied.
of (a) nc Ni [8], (b) ufc Ni, and (c) mc Ni.
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For the purpose of investigating the stress–life

response, the nickel foils were electro-discharge

machined into ‘‘dog-bone’’ type specimens, 25 mm

in length. After mechanical polishing, these speci-
mens were subjected to zero–tension–zero ðR ¼ 0Þ
loading at a frequency of 1.0 Hz with a sinusoidal

waveform in a laboratory air environment. Mul-

tiple samples of the nc and ufc specimens were

tested to failure at a given stress range, and the

number of cycles to failure was recorded. Tensile

tests performed on the nc and ufc specimens re-

vealed 0.1% offset yield strength values of 820 and
425 MPa, respectively, and strain to failure values

of 3% and 10%, respectively. The mc Ni had a

yield strength of 180 MPa, tensile strength of 450

MPa and tensile strain to failure of 35%.

Fatigue crack growth experiments for the nc,

ufc, and mc Ni foils were conducted using edge-

notched specimens, where tensile fatigue cracks

were initiated in cyclic tension at a load ratio of 0.3
and cyclic frequency of 10 Hz (sinusoidal wave-

form) at room temperature at an initial stress in-

tensity factor range DK ¼ 9:5 MPam1=2; crack

growth data were gathered when DK increased to

11 MPam1=2 after initial crack growth. The spec-

imens were 39 mm long, 10.5 mm wide, and 100

lm thick. An edge notch was end milled to a depth

of 1 mm, and its tip was sharpened using a razor
blade sprayed with a 3 lm diamond polishing

suspension. Changes in crack length as a function

of number of fatigue cycles were monitored using

optical microscopy. The crack growth rate da=dN
was calculated as a function of DK as the length of

the crack increased under a constant range of

imposed cyclic loads. Two tests were performed

under identical conditions for each material and
the results plotted here contain data from both

tests (except in the case of mc Ni for which only

one set of data was obtained).

In addition to the fatigue crack growth experi-

ments conducted on the nc and ufc Ni foils, the

fatigue crack growth response of an Al–7.5wt%Mg

alloy was also studied. This choice was motivated

by the fact that grain size effects in the alloy could
be assessed in the ufc regime using specimens

whose dimensions are sufficiently large (35

mm · 35 mm · 5 mm) to meet the requirements of

conventional standards for fatigue testing of bulk
materials. Furthermore, the mechanical properties

of this alloy system have been the subject of con-

siderable experimental research, although its fa-

tigue crack growth response has not been assessed
to date. The Al–Mg alloy was produced by cryo-

milling. A complete review of the powder pro-

duction and consolidation techniques, as well as

microstructure for this alloy, is given in [15–18].

Transmission electron microscopy (TEM) images

reveal that the Al–Mg alloy presented in this study

has an equiaxed grain structure, with a grain size

of �300 nm [18]. Its yield and tensile strengths
were measured experimentally to be 540 and 551

MPa, respectively. An extruded billet of the ufc

Al–7.5Mg was sectioned to obtain 5 mm thick

compact specimens in the C–R (circumferential–

radial) configuration. The notch tip was machined

to a radius of 0.09 mm, and the specimen faces

were polished to a surface finish of 0.25 lm. The

through-holes, located on either side of the notch
to pin-load the specimens, were machined after the

fatigue pre-crack was introduced.

Fully compressive far-field cyclic loads were

used to introduce a self-arresting fatigue pre-crack

in each sample [1,19,20]. These loads were trans-

mitted through two parallel plates fitted in a ser-

vohydraulic test frame. Each sample was cyclically

loaded at 10 Hz in compression with an incre-
mentally increasing stress range, Dr, until a crack

initiated and grew from the notch (to a distance of

at least fifteen times the notch radius). Crack

growth was monitored in-situ with a telescopic

video camera module, and ex-situ with an optical

microscope. Following the pre-cracking stage,

tension–tension fatigue experiments were per-

formed at load ratios ranging from 0.1 to 0.5, at a
frequency of 10 Hz. Crack growth was sufficiently

slow to facilitate load-controlled (rather than K-
controlled) experiments. The initial DK imposed

on each sample was well below the anticipated

threshold stress intensity factor range, DKth. The

stress intensity factor range DK was increased in

10% increments until measurable crack growth

had occurred, at which point DKth could be de-
termined. Data for the remainder of the crack

growth curve was collected in a similar fashion.

The fracture surfaces were subsequently examined

under a scanning electron microscope (SEM).
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a function of the number of fatigue cycles for mc, ufc, and nc

pure Ni subjected to an initial stress intensity factor range of

11.5 MPam1=2 at R ¼ 0:3 at a fatigue frequency of 10 Hz at

room temperature.
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3. Results and discussion

The effects of grain size on the resistance to

total fatigue life of pure Ni is plotted in Fig. 2 in
terms of the stress–life (S–N ) diagram. It is seen

that the nc Ni with an average grain size of ap-

proximately 30 nm has a slightly greater resistance

to stress-controlled fatigue loading than the ufc Ni

with an average grain size of approximately 300

nm. This trend is observed both in the stress range

at a given number of cycles to failure and in the

endurance limit. It is also seen that the range of
endurance limit values observed for mc pure Ni

[21] is significantly below those of nc and ufc pure

Ni. The results shown in Fig. 2 thus clearly illus-

trate that grain refinement leads to an enhance-

ment in the resistance to S–N fatigue.

Fig. 3 shows the variation of crack length as a

function of the number of fatigue cycles for the nc,

ufc, and mc Ni, where constant cyclic load exper-
iments were conducted with an initial stress in-

tensity factor range of 11.5 MPam1=2. It is clearly

seen that the fatigue crack length increases at a

much faster rate with fatigue cycling in the nc Ni

than in the ufc or mc Ni under identical loading

conditions. The variation of fatigue crack growth

rate da=dN with DK in the Paris regime is plotted

in Fig. 4, where fatigue crack growth occurs up to
four times faster in the nc Ni than in ufc Ni.
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Fig. 2. A comparison of the S–N fatigue response showing the

stress range versus number of cycles to failure for the nc, ufc

and mc pure Ni [21].
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Fig. 4. Variation of fatigue crack growth rate, da=dN , as a

function of the stress intensity factor range, DK, for mc pure Ni

and for electrodeposited ufc and nc pure Ni at R ¼ 0:3 at a

fatigue frequency of 10 Hz at room temperature.
Among the three materials, the mc Ni showed the

slowest fatigue crack growth rate at a given DK;
this crack growth rate was several times smaller
than that of ufc Ni.

Fig. 5 shows da=dN versus DK for the ufc Al–

Mg alloy tested at R ¼ 0:1–0:5 over the entire

range of fatigue crack growth rate, from DKth to
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Fig. 5. Variation of fatigue crack growth rate, da=dN , as a

function of the stress intensity factor range, DK, for the cryo-

milled Al–7.5Mg at R ¼ 0:1–0:5 at a fatigue frequency of 10 Hz

at room temperature. Also shown are the corresponding crack

growth data for the commercial mc 5083 aluminum alloy at

R ¼ 0:33 [22,23].
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final failure. Also shown in this figure, for com-

parison purposes, are the corresponding fatigue
crack growth characteristics at R ¼ 0:33 of the

commercial 5083 Al–Mg alloy [22,23] which is a

close mc counterpart of the present cryomilled Al–

7.5Mg alloy. Although the processing conditions

for these two alloys are different, it is evident from

Fig. 5 that consistent with expectations, grain re-

finement from the mc to the ufc range results in a

noticeable reduction in DKth and a significant in-
crease in the rate of fatigue crack growth from

threshold to final failure. The stress intensity fac-

tor range for catastrophic failure, which is repre-

sentative of the fracture toughness and static-mode
Fig. 6. Scanning electron fractograph showing the fatigue fracture f

accompanied by cracking of inclusion particles (indicated with arrow
failure mechanisms, for the Al–7.5Mg alloy is also

several times smaller than that for the 5083 alu-

minum alloy. A scanning electron fractograph of

the fatigue fracture surface of the Al–Mg alloy at a
growth rate in the upper end of the Paris regime is

shown in Fig. 6. Here, ductile transgranular frac-

ture is mixed with growth around cracked inclu-

sion particles, which were introduced into the

microstructure by the cryomilling process. The

presence of such particles is believed to contribute

to the lowering of the fracture toughness and of

the DK values at which catastrophic fracture is
instigated during fatigue crack growth in the Al–

Mg alloy.
4. Concluding remarks

We have demonstrated that grain refinement in

the nc and ufc regimes can have a substantial effect
on total life under stress-controlled fatigue and on

fatigue crack growth. Specifically, fully dense nc

and ufc Ni produced by electrodeposition exhibit

substantially higher resistance to stress-controlled

fatigue compared to conventional mc Ni. How-

ever, fatigue crack growth results obtained in this

study for nc and ufc Ni also appear to indicate that

grain refinement in the nc regime can have a del-
eterious effect on the resistance to subcritical fa-

tigue fracture. These trends seen in this study are

thus consistent with expectations of the role of

grain size in influencing fatigue crack initiation

and stable crack growth, see e.g., [1]. Experimental

results obtained for a cryomilled Al–7.5Mg alloy

also corroborate such interpretations of the effects

of grain size on fatigue crack growth.
eatures of the Al–7.5Mg alloy. Transgranular crack growth is

s) introduced during the mechanical alloying process.
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Although the results presented here pertain only

to a limited set of nc metals and experimental

conditions, it is interesting to speculate about

possible implications for potential applications. It
appears from the results obtained here and from

those found for severely deformed ufc metals [4–6]

that grain refinement into the nanoscale regime

offers the possibility of enhanced resistance to high

cycle fatigue, such as that characterized by the

stress-life approach. Such an approach to tailor

surfaces with nanoscale grains may offer enhanced

resistance to fatigue crack initiation under low
amplitudes of cyclic stresses. Possible microstruc-

tural designs (see, e.g., [24]) involving graded

transitions from a nanostructured surface grain

morphology to a relatively coarser interior grain

morphology may also provide gradual transitions

from a surface layer resistant to high-cycle fatigue

to a core which is more resistant to fatigue damage

and crack growth.
Acknowledgements

This work was supported by the Defense Uni-

versity Research Initiative on NanoTechnology

(DURINT) on ‘‘Damage- and Failure-Resistant

Nanostructured and Interfacial Materials’’ which
is funded at the Massachusetts Institute of Tech-

nology by the Office of Naval Research under

grant N00014-01-1-0808. Thanks are due to Prof.

E. Lavernia for supplying the Al–Mg specimens

and to Dr. B. Moser for providing one of the

micrographs in Fig. 1. TH acknowledges the sup-

port of the National Science Foundation for his

Graduate Fellowship.
References

[1] Suresh S. Fatigue of materials. 2nd ed. Cambridge:

Cambridge University Press; 1998.

[2] Suresh S. Metall Trans A 1985;16A:249–60.

[3] Vasudevan AK, Sadananda K, Rajan K. Int J Fatigue

1997;19:S151–9.

[4] Agnew SR, Weertman JR. Mater Sci Eng A 1998;244:145–

53.

[5] Agnew SR, Vinogradov AYu, Hashimoto S, Weertman

JR. J Electronic Mater 1999;28:1038–44.

[6] Mughrabi H, H€ooppel HW. Mater Res Soc Symp Proc

2001;634:B2.1.1–B2.1.12.

[7] Feltner CE, Laird C. Acta Metall 1967;15:1621–42.

[8] Gleiter H. Acta Mater 2000;48:1–29.

[9] Artz E. Acta Mater 1998;46(16):5611–26.

[10] Gleiter H. Nanostruct Mater 1992;1:1–19.

[11] Hahn H. Nanostruct Mater 1993;2:251–65.

[12] Kim Y-W, Bidwell LR. In: Kiczak MJ, Hildeman GJ,

editors. High-strength powder metallurgy aluminum al-

loys. 1982. p. 107–24.

[13] Kumar KS, Suresh S, Chisholm MF, Horton JA, Wang P.

Acta Mater 2003;51:387–405.

[14] Schwaiger R, Moser B, Dao M, Chollacoop N, Suresh S.

Acta Materialia (in press).

[15] Fecht H-J. Nanostruct Mater 1995;6:33–42.

[16] Shen TD, Koch CC. Mater Sci Forum 1995;179–181:17–24.

[17] Lavernia EJ, Ayers JD, Srivatsan TS. Int Mater Rev

1992;37(1):1–44.

[18] Han BQ, Lee Z, Nutt SR, Lavernia EJ, Mohamed FA.

Metall Mater Trans A 2003;34(3):603–13.

[19] Suresh S. Eng Fract Mech 1983;18:577–93.

[20] Christman T, Suresh S. Eng Fract Mech 1986;23:953–64.

[21] Forrest PG. Fatigue of metals. New York: Pergamon

Press; 1962.

[22] Ohta A, Suzuki N, Mawari T. Int J Fatigue 1992;14(4):

224–6.

[23] Campbell JE, Gerberich WW, Underwood JH, editors.

Application of fracture mechanics for selection of metallic

structural materials. Metals Park, OH: American Society

for Metals; 1982. p. 193–203.

[24] Suresh S, Mortensen A. Fundamentals of functionally

graded materials. London, UK: The Institute of Materials;

1998.


	Grain size effects on the fatigue response of nanocrystalline metals
	Introduction
	Materials and experimental methods
	Results and discussion
	Concluding remarks
	Acknowledgements
	References


