
L;+_++I,+,+ • for Information and Image Management

___ +_ _ii \_° Association

++ +,+ -+
%,,

Centimeter
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 mm

I'"'l'"'l'"'l""l""l'"'l""l""l'"'l'"'l'"'l'"'l
1 2 3 4 5

ILLLI'+Inches 1.0 +_ _ I_
_,._111113__.++= IIll_=
,_ llUlg

" UiI_,_ fIWg

lllll• i_ J. ,2

lllll_
iilliNIlili_iilll'+

++ ;'++ +,,,
++++-++ +,+++++_,++ -+++++_++:_:_.,

f/// _'_ Oh+ HI::INUFI::ICTUREDTO I:::I'["I'HSTI:::INDI:::IRDS __+.,,, __+

BY flPPLIED IMflGE, INC. _S





PNL-SA-22493

MIXED-MODE I/III FRACTURE TOUGHNESS OF
A FERRITIC/MARTENSITIC STAINLESS STEEL

H. LP ) J.P. Hirth c*)
R. H. Jones D.S. Gelles

October 1993

Presented at the

TMS Fall Meeting
October 17-21, 1993
Pittsburgh, Pennsylvania

Prepared for
the U.S. Department of Energy
under Contract DE-AC06-76RLO 1830

Pacific Northwest Laboratory
Richland, Washington 99352

(a) Associated Western Universities - Northwest Division
Richland, Washington

(b) Washington State University, Pullman, Washington
DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Governmentnor any agency thereof, nor any of their

employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or

process disclosed, or represents that its use would not infringe privately owned rights. Refer- MASIER
ence herein to any specific commercial product, process, or service by trade name, tra(iemark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- t
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the :' /
United States Government or any agency thereof.

DISTFtI_jTiON OF THIS DOOUMENT IS UNLIMITED oL



MIXED-MODE I/III FRACTURE TOUGHNESS OF

A FERRITIC/MARTENSITIC STAINLESS STEEL

Huaxin Li a, R. H. Jones b, j. p. Hirth c and D. S. Gelles b

a Associated Western UniversitiesmNorthwest Div., Riehland, WA 99352, USA
b Pacific Northwest Laboratory, Richland, WA 99352, UAS
c Washington State University, Pullman, WA 99164-3140, USA

Abstract

The critical J-integrals of mode I (Jlc), mixed-mode I/III (JMc), mad mode III (Jmc) were
examined for a ferritic stainless steel (F-82H) at ambient temperature. A determination of JMc
was made using modified compact-tension specimens. Different ratios of tension/shear stress
were achieved by varying the principal axis of the crack plane between 0 and 55 degrees from
the load line. The results showed that JMcand tearing modulus (TM) values varied with the
crack angles and were lower than their mode I and mode III counterparts. Both the minimum
JMCand TMvalues occurred at a crack angle between 40 and 50 degrees, where the load ratio
of _i/_ii i Was 1.2 to 0.84. The J_ was 240 Kj/m 2, and ratios of JIc/Jmin and Jnlc/Jmi. were 2.1
and 1.9, respectively. The morphology of fracture surfaces was consistent with the change of
JMc and TM values. While the upper shelf-fracture toughness of F-82H depends on loading
mode, the Jmmremains very high. Other important considerations include the effect of mixed-
mode loading on the DBT temperature, and effects of hydrogen and irradiation on Jmin"



Introduction

Traditionally, mode I fracture has been used to study elastic-plastic fracture mechanics.
However, in recent years, mixed-mode fracture has become a focus of many studies because
many observed failures includea shear components [1-9]. Fracture characteristics have been
found to differ from one another when subjected to mixed-mode I/III loading, depending on the
microstructure, strength, and toughness level of materials. In low-toughness high-strength
alloys, such as 0.29C-0.83Cu steel, and 1.25C bainitic steel [7-10], mode III contributions to
mode I loading had little or no effect on the overall value of Jic, the mode I component of the
J-integral for mixed-mode crack initiation, and tended to increase JMc, the total J-integral for
mixed-mode crack initiation. In tougher materials {such as 3.5NiCrMoV steel, A710A, and a
high-purity rotor steel (HPRS) [1-9], which failed primarily by a microvoid nucleation and
growth mechanism} mode III contributions lowered the JMcvalues considerably from their mode
I values. The JMc values passed through a minimum at a position between mode I and mode
III on a plot of JMcvs crack-inclination angle.

A steel with 0.1C-8Cr-2W-0.2V-0.04Ta (designated as F-82H) has been developed as a reduced
activation ferritic/martensitie steel by Japanese scientists and considered as one of the candidates
for the first-wall material of a fusion reactor. Preliminary J-integral data [11] obtained from
three-point bending specimens showed that F-82H is a very tough steel. It is possible that
introducing mode III components to mode I loading would also lower the total J-integral of F-
82H as in the case of HPRS. Hence, investigation of the effect of mixed-mode loading on
fracture toughness of F-82H is critical if the steel is to be used as first-wall material.

Material and Experimental Methods

Material

The F-82H plate used in this study was supplied by Nippon Kokan Steel Company (NKK) in
Japan. The chemical composition of the plate is (by wt%) 0.096C-7.71Cr-2.1W-0.18V-0.04Ta-
0.003P-0.003S. Specimens used in this study were cut in the orientation of T-L as specified
in American Society for Testing and Materials (ASTM) E399-90 and were heat-treated using
1000°C/20 h/air cooling (AC), 1100°C/7 min/AC, and 700°C/2 h/AC. The microstructure was
tempered martensite. The average intersection-distance grain size was 25 _tm (ASTM #7.5).
The heat-treatment resulted in a yield strength (cry) of 648 Mpa, ultimate tensile strength (cru_)
of 735 MPa, elongation of 16.7°A, and reduction of area of 70%.

Experimental Methods

The geometry of modified compact-tension (MCT) specimens used for mixed-mode I/III testing
is schematically shown in Fig. 1. The magnitude of mode III components can be varied by
changing the crack slant angle _. A degree of 0 represents mode I loading and the geometry
of a 0-degree specimen becomes the standard compact-tension (CT) specimen as specified in
ASTM standard E813-89. As • increases, the contribution of mode III components increases.
The crack-inclination angles used in this study were 0, 10, 20, 30, 40, 45, 50, and 55 degrees.
Side grooves of 20% reduction of total thickness were incorporated in all specimens. These
side grooves can increase the triaxiality at the edges of a growing crack and constrain the
advancing crack in the original crack plane. Calculating the J-integrals in mixed-mode I/III
requires measuring both vertical displacement (_Sv)and horizontal displacement (_ih) of load
points. A pair of knife edges was secured to the front face of a specimen. A standard clip
crack opening distance (COD) gage was positioned on the knife edges. The load-line 8vs were
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calculated from the front face 8,.s with the method proposed by Saxena and Hudak, Jr. [12].
It was found that the 6h increased with 5,, in a linear manner [1,3]. Hence 6hS were calculated
approximately using a relation of 5h =a x 6v, where tx = 6h_/5,_.

An electric discharge machine (EDM) was used to make thin cuts approximately 1.3 mm long
with a small radius (radius = 0.051 mm). The cuts were used as a substitute for a pre-fatigued-
crack (PFC) because a PFC tends to grow out of the original crack plane in mixed-mode
specimens. The fine EDM cut was found to give identical values of J_cas for a PFC [4]. The
EDM cuts were made after final heat-treatment, and specimens with cuts were heated at about
100°C for 24 h in a vacuum oven (10 .3 Pa) to outgas possible hydrogen introduced by EDM
cutting [13]. The single-specimen technique was used in this study, which allows a J-R curve
(J vs crack extension ha) to be generated with one specimen. During testing, the specimen was
frequently and partially unloaded, and the partial unloading compliances were used to calculate
the corresponding crack lengths following the procedure described in E813-89 and Ref. 14.
Values of J matching those crack lengths were also calculated by means of Eq. (1) in the next
section. At least 12 pairs of J-Aa data were used to construct a J-R curve.

The triple-pantleg like specimens (Fig. 2) [3-5,14] were used to determine Jmc. The specimens
had two cracks that led to a symmetric loading and minimized an out-of-plane bending [4].
Two 1.3-ram EDM cuts were also made as substitutes for PFCs. Indirect crack-length
monitoring techniques, such as the electrical-potential drop method or unloading compliance,
are affected by the contact of the asperities on the two specimen surfaces during mode III
(shearing) deformation. Hence, the multiple-specimen (five specimens) technique was adopted,
and the crack lengths were measured after breaking open the specimens.

Data Analysis ...............

The mode I integral J_and mixed mode I/III integral JM were calculated from the area under
the load vs load-line-displacement curve by means of Eq. (1) [15]:

8 V

j _ 2 f Pdv (a)
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where

B.= = 0.8B/cosO (the net crack front width excluding the 10% side grooves on each side)
B = the overall specimen thickness • = the crack-inclination angle

bo = W - ao (the initial unbroken ligament) W = the specimen width
ao = the initial physical crack length.

To construct J-R curves and determine critical J values (Jic and JMC),ASTM E813-89 was used.
The slope of the blunting line for mixed mode I/III was calculated using Eq. (2):

m i cos¢ + miiisinff_ ................. (2)
m i]iii = sill_ + cos(/)



where m_= (O'y"_"Or,t,)2 and m_ = (cry+ cr,t,)/4, which are blunting line slopes of pure mode
I and mode III, respectively. When • equals 0 and 90, mv_ is equal to m_and m_, respectively.
A best straight-line fit was also made using the J-Aa data between the upper and lower
exclusion lines, and the slope of the straight line was taken as the unnormalized tearing modulus
(T_ or TM) for each specimen. The critical mode I and mode III J components (Jic and Ji_ic)in
mixed-mode specimens could also be calculated in terms of the corresponding resolved loads
and displacements. The calculations of resolved mode I and mode III load and displacement
and the determinations of J_cand Ji_chave been reported in detail in Ref. 8, 9, and 16.

Due to the presence of two cracks in the "triple-pantleg" specimen, Eq. (1) needs to be divided
by a factor of 2. Due to the 20% side grooves on each side, B._ = 0.60B. The slope of the
blunting line is Jin/Aa = 2x r, where xr = (try + try)/4. The values of Jmc and Tm were
determined in the same way as that used in mode I and mixed mode I/III tests.

Results

Critical J Values

The effect of crack angle, i.e., the ratio of tension to shear stress on JMc (the total critical J
values), is demonstrated by Fig. 3. In the limits of • = 0 and 90 degrees, JMCis equal to Jic
and Jmc, respectively, while for 0< • <90 degrees, JMCrepresents the total critical J values
under mixed-mode loading. A solid circle was used for Jmc in Fig. 3 because a different
specimen geometry and different technique, compared to the CT and MCT specimens, were
used to determine Jmc. The Jmc reported here is not accurate because the energy stored as strain
energy in a specimen after finishing testing was not deducted from the total energy used to
determine Jmc. Accordingly, Jmc was estimated to be overvalued 10 to 20%. To determine Jmc,
a modification to the sample holder is needed. _qaile the JMCdata have some scatter, the trend
is clear. As the crack inclination angle • increases, the mode III component increases, and JMC
decreases to a minimum at a angle between 40 and 50 degrees. Curve fitting showed that the
change of JMCwith • could be represented by a polynomial function of order 2, as shown in
Fig. 3. Calculations from the best-fit curve indicated that Jic and Jmc were 511 and 490 kJ/m 2,
respectively. The minimum J value (Jmin)was about 240 kJ/m 2 and occurred at a crack angle
between 40 and 50 degrees. The magnitude of Jmin was orlly 48% of JIc and 50% of Jmc,
respectively. The variation of JMc with the crack angle in F-82H was similar to other tough
steels [5-7], where adding a mode III load component to mode I loading caused a dramatic drop
in the J values in tough steels. However, F-82H steel was more sensitive to combined stress
loading, and accordingly the reduction of JMCvalues was more pronounced than in the Ni-Cr-
Mo-V rotor steel (HPRS) [5]. For example, JMcat (I)=-15degrees was 83% of Jxc for HPRS,
but only 68% of J1c for F-82H steel. Thc Jm_,of HPRS was 54% of J_c and 85% of Jnlc,
respectively.

Combined mode I/III loading decreased not only the energy for crack initiation (JMc), but also
the resistance to stable crack growth, which can be evaluated by the mixed-mode tearing moduli
(TM). The urmormalized tearing moduli corresponding to crack angles are shown in Fig. 3. The
variation of TMwith • was also found to obey a polynomial function of order 2 (see Fig. 4).
Furthermore, the TM-O data had much less scatter than those of JMC-O. From Fig. 4, it is
apparent that 360 kJ/m 2 is needed for a mode I crack to grow 1 mm and 295 kJ/m 2 for a mode
III crack, but only 110 kJ/m z for a mixed mode I/III crack (_ = 40 degrees).



Fractography

The crack fronts of all specimens remained in their initial orientation during J testing. All
specimens exhibited a microvoid-coaleseence type of fracture. Most voids initiated at sulfides,
and a few of the big voids initiated at A1203 particles, as shown in Fig. 5a and b. The average
size of sulfide particles was 0.3 gm, and that of AI203 particles was 3 gm. Only a small
amount of A1203particles were present (Fig. 6a). Sulfide particles distribute uniformly, but two
or three A1203 particles tend to group together. While adding mode III loading component to
mode I loading did not change the nature of the feature, the roughness of the fracture surfaces
and the size as well as uniformity of the voids varied significantly with _. Generally, as the
mode III component increased, the fracture surfaces became smooth, and the size of the voids
became more uniform and smaller. The most dramatic change of fracture surfaces occurred
between • - 10 and 30 degrees, where large drops in JMCand TM occurred. The fracture
surfaces of the specimens with cI_=-10and 55 degrees are shown in Fig. 6. The fracture surface
of the 10-degree specimen (Fig. 6a) consisted of very small voids along the tearing ridges where
final rupture occurred and larger voids where nucleation and substantial growth of voids
occurred before the final rupture., On the other hand, the voids of the 55-degree specimen (Fig.
6b) were Small and relatively uniform. The small dimples are associated with low-energy
dissipation and low JMCand TM. Shear-stress components also distorted the shape of the voids
and producecT the voids elongated in the shear direction (see Fig. 6b). A fracture surface of a
mode III specimen is shown in Fig. 7a and b. It can be seen that the surface consists of
mierovoids and some futureless facets. The voids initiated also at sulfides/oxides particles (Fig.
7b) and were severely di_orted in sheering direction by sheer stress, showing intensive plastic
deformation during crack initiation and propagation. Most particles were believed to be covered
by the distorted voids. Consequently, only some of them were exposed to scanning electron
microscopy (SEM). The featureless facets are believed to be caused by the friction of two
fracture surfaces during mode III testing. A more comprehensive analysis of the fracture-
surface morphology and its dependency on • is currently underway.

Discussion

It has been found recently that adding mode III component to mode I loading could increase,
decrease, and have no effect on the JMC,depending on the toughness of the materials. For brittle
materials, such as glass [16], and 0.29C-0.83Cu steel [4,8-10] and 1.25C bainitic steels [4,8-10],
where fracture was controlled by tensile stress and the local crack-opening displacements,
addicting mode III components had no or little effect on the Jic (mode I J component of JMC),
but tended to increase Juc. For tough steels, such as I-IPRS, which failed primarily by
microvoid coalescence, additional shear stress produced incompatibility stresses at the particle
interfaces in the trajectory of the crack, causing decohesion or particle fracture (shear damage).
This process led to void formation that limits the mode I plastic flow field and caused premature
separation of voids by mode I stress. Accordingly, tough materials exhibited lower fracture
toughness for mixed-mode cracks than that for mode I cracks. For those materials with
intermediate toughnesses, such as AISI 1090 steel, introducing a mode III component decreased
J_cmoderately, and had little effect on JMC"

Steel designated as F-82H is a very tough steel and very sensitive to incompatibility stresses at
particles caused by the mode III component. This type of steel shows a similar trend to HPRS,
i.e., JMcdecreased as the mode III load component increased until reaching a minimum at a
crack angle between 40 and 50 degrees. Then the critical J value increases until reaching Jmc.
The higher Jrnc is believed due to intensive sheering deformation and friction between two
fracture surfaces. The sensitivity to shear damage was manifested in Fig. 8 by plotting



normalized Jic/J1c vs Ji_c/Jmc. One can see that adding mode III loading greatly reduced J_c
values. The least-square curve fit showed that J_c/Jicwas related by an equation of (Jic/Jic) m +

(Jiiic/Jmc)m = 1 with m = 0.56, as shown also in Fig. 8. The value of m is an index to the
sensitivity of a material to shear damage. The greater the value of m, the less sensitive the
material is to shear damage. Accordingly, m would be greater than 1 for brittle materials, such
as ceramics, glasses, 0.29C-0.83Cu steel, and 1.25 C bainitic steel; m would be approximately
equal to unity for intermediate-toughness steel, such as AISI 1090 steel, and less than unity for
tough materials, such as HPRS and F-82H steel. Furthermore, a curve fit to the data from Ref.
7 for HPRS yielded m = 0.74, which was greater than 0.56 for F-82H steel and indicated that
F-82H steel was more sensitive to shear damage. However, F-82H steel had a higher toughness,
and the minimum mixed-mode toughness (J-integral) was still more than 200 kJ/m 2, higher than
Jxc of some tough and intermediately tough steels, such as HPRS (J_c: 186 kJ/m 2, Jmi,: 100
kJ/m 2) [5] and AISI 1090 steel (J_c: 73 kJ/m 2, Jmi,: 73 kJ/m 2) [7].

The significance of the present investigation shows once again that for tough materials, mode
I loading may not be the most severe stress condition for a pre-existing crack to initiate and
propagate, and it might be necessary to measure the mixed mode K or J values for a tough
material and use them as design criteria. In a complex engineering component, it is expected
that cracks will exist at a variety of angles relative to the principal stresses. Therefore, the
results of this study indicate that J_, is probably the safest value to be used in design. Further
research is in progress to evaluate the dependence of J,_, on temperature, hydrogen and
radiation.

Summary

F-82H steel is a very tough steel. Both J_cand Jxncare about 500 kJ/m :, and T_ is about (360
kJ/m2)/mm. Mixed mode I/III loading dramatically lowers both the Juc and Tu. The lowest
JMcand Tu are about 240 kJ/m 2 and (110 kJ/m2)/mm, respectively and occur at a crack angle
between 40 to 50 degrees, where the ratio of mode I to mode III loading, cry/craig,is 0.84 to 1.2.
The fracture surface roughness is also reduced by the presence of mode III components. The
fracture surface of a mode I specimen consisted of both large and small voids, but those for the
specimens with crack angles of 30 to 55 degrees consisted of only small voids, which
corresponded with low Juc and Tu values. While the upper shelf toughness of F-82H depends
on the loading mode, the Jm_,remains higher than many tough materials.
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Fig. captions

Fig. 1. The geometry of a modified compact-tension specimen.

Fig. 2. The geometry of a specimen used for mode III fracture-toughness test.

Fig. 3. The dependence of the critical total J-integrals of F-82H on the crack-inclination angles.

The dash-dot lines represent a -_.E20%error band from the best fitted line (dash line). The solid

circle represents Jmc, which was determined with multiple-specimen technique (five specimens).

The JMc vs tl_ equation was generated by a least-squares-curve fit.

Fig. 4. The dependence of the total tearing moduli on the crack inclination angles.

Fig. 5. SEM fractographs showing the mierovoids initiated at sulfide particles (a) and

aluminum-oxide particles (b).

Fig. 6. SEM fraetographs showing the effect of crack angles on the morphology of the fracture

surfaces of F-82H. The photos were taken at the areas immediately close to pre-existing cracks.

The arrows indicate the shear directions. (a). 10 degree specimen; (b). 55 degree specimen.

Fig. 7. SEM fractographs showing the morphology of a fracture surface of a mode III

specimen, which consists of severely distorted voids and featureless facets. (a). Low

magnification; the arrow indicates a featureless facet; (b) High magnification; the arrows

indicate sulfide particles.

Fig. 8. The effect of the Jiiic (mode III component) on the Jic (mode I component), which

represents the sensitivity of F-82H to the shear damage.
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