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may regulate hematopoiesis, including those 

that encode the transcription factors c-Myc 

and HES, and CCAAT/enhancer binding pro-

tein (C/EBP) ( 3– 5). Accordingly, agonists of 

AhR such as TCDD compromise HSC activ-

ity in mice ( 6), whereas Boitano et al. found 

that antagonists such as SR1 enhance expan-

sion of human HSCs. 

Curiously, SR1 is not active against the 

mouse AhR but is active against that of dog 

and monkey. These species-specifi c activi-

ties are consistent with the observed effect, 

or lack thereof, in stimulating ex vivo expan-

sion of HSCs from these species and suggest 

the need for developing screens with human 

target cells.

It will be critical to defi ne the cell popu-

lation that responds best to SR1. Several 

types of mouse HSCs, some with short- and 

long-term repopulation potential, have been 

described ( 7,  8). Serial transplantation experi-

ments performed by Boitano et al. indicate that 

SR1-exposed cells can repopulate mice up to 

several months while preserving their multi-

lineage potential, thus showing intermediate 

repopulation potential. The development of 

new reagents and better assays for analyzing 

pure subsets of human HSCs will be essential 

to address this clinically relevant issue.

Other molecules such as TAT-HOXB4 

( 9), TAT-NF-Ya ( 10), Notch ligand (Deltaext-

IgG) ( 11), pleiotrophin ( 12), and angiopoietin-

like molecule 2 and 3 ( 13) enhance human 

hematopoiesis in immunocompromised 

mice. However, none of the reported effects 

are as robust as that of SR1. Moreover, in 

some cases (e.g., Notch ligand), engraftment 

was accelerated but the effect was transient, 

suggesting that more mature progenitors—

as opposed to long-term HSCs—preferen-

tially responded to the treatment. Combining 

treatments that enhance the activity of stem 

cells with long- and short-term repopulation 

potential may prove clinically benefi cial.

A technology that expands human HSCs 

by orders of magnitude over what is now 

achievable with SR1 could rapidly pave 

the way for using stem cell transplantation 

to cure genetic diseases (gene therapy) or 

to protect stem cells from the deleterious 

effects of chemotherapy. But can human 

HSCs be expanded further, or have they 

achieved their limit once exposed to SR1 

for several days or weeks? Mouse HSCs 

can be expanded by several thousandfold 

if genetically engineered to overexpress 

Hox genes and/or derivatives ( 14,  15), and 

human HSCs should behave similarly once 

the basic molecular machinery underlying 

self-renewal is dissected. Although AhR has 

just entered the arena, it will rapidly become 

a key actor in this search for signaling path-

ways that determine HSC self-renewal. 

Equally important, AhR inhibition could 

lead to expansion of other adult-type stem 

cells (e.g., skin, gut, central nervous sys-

tem). Are HSC transplant physicians about 

to lay their hands on the Holy Grail? 
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Farewell to Fossil Fuels?

CLIMATE CHANGE

Martin I. Hoffert

Barring new CO
2
 sources could curb climate 

change, but won’t solve energy problems.

          O
ne concrete goal adopted by some 

policy-makers is to reduce the risks 

associated with climate change by 

preventing the mean global temperature 

from rising by more than 2°C above prein-

dustrial levels ( 1). Climate models indicate 

that achieving this goal will require limiting 

atmospheric carbon dioxide (CO
2
) concentra-

tions to less than 450 parts per million (ppm), 

a level that implies substantial reductions in 

emissions from burning fossil fuels ( 2,  3). So 

far, however, efforts to curb emissions through 

regulation and international agreement 

haven’t worked ( 4); emissions are rising faster 

than ever, and programs to scale up “carbon 

neutral” energy sources are moving slowly at 

best ( 5). On page 1330 of this issue, Davis et 

al. ( 6) offer new insights into just how diffi cult 

it will be to say farewell to fossil fuels.

The authors ask this question: What 

would future CO
2
 levels and global mean 

temperatures be if humans built no addi-

tional CO
2
-emitting devices (e.g., power 

plants, motor vehicles) and allowed existing 

CO
2
-emitting devices to live out their nor-

mal lifetimes over the next 50 years? Their 

answer is that this strategy would limit mean 

warming to 1.3°C (1.1° to 1.4°C) above 

that of the preindustrial era and limit atmo-

spheric concentrations of CO
2
 to less than 

430 ppm. They concede, however, that such 

a radical “age-out” scenario is unlikely, and 

that a major mobilization is needed to fi gure 

out how to power the world carbon-neutrally 

to stay below the 2°C threshold.

The bitter pill implicit in Davis et al. and 

other, earlier studies of emissions-reduc-

ing scenarios is that we are in no position to 

make this energy transition now, and that it 

will likely take decades of hard work ( 7). For 

example, Pacala and Socolow ( 8) analyzed 

a scenario that envisioned stabilizing atmo-

spheric concentrations of CO
2
 at 500 ppm 

within 50 years. They found that reaching 

that goal required the deployment of seven 

existing or nearly existing groups of technol-

ogies, such as more fuel-effi cient vehicles, to 

remove seven “wedges” of predicted future 

emissions (the wedge image coming from 

the shape created by graphing each increment 

of avoided future emissions). Those seven 

wedges, each of which represents 25 gigatons 

of avoided carbon emissions by 2054, are 

cited by some as suffi cient to “solve” climate 

change for 50 years ( 9).

Unfortunately, the original wedges 

approach greatly underestimates needed 

reductions. In part, that is because Pacala and 

Socolow built their scenario on a business 

as usual (BAU) emissions baseline based on 

assumptions that do not appear to be coming 

true. For instance, the scenario assumes that a 

shift in the mix of fossil fuels will reduce the 

amount of carbon released per unit of energy. 

This carbon-to-energy ratio did decline dur-

ing prior shifts from coal to oil, and then from 
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oil to natural gas. Now, however, the ratio is 

increasing as natural gas and oil approach 

peak production, coal production rises, and 

new coal-fi red power plants are built in China, 

India, and the United States ( 10).

The enormous challenge of making the 

transition to carbon-neutral power sources 

becomes even clearer when emissions-reduc-

tion scenarios are based on arguably more 

realistic baselines, such as the Intergovern-

mental Panel on Climate Change’s “frozen 

technology” scenario ( 11,  12). Capturing all 

alternate energy technologies, including those 

assumed within this BAU scenario, means 

that a total of ~18 of Pacala and Socolow’s 

wedges would be needed to curb emissions 

( 13) (see the figure). And to keep future 

warming below 2°C, even under the Davis et 

al. age-out scenario, an additional 7 wedges 

of emissions reductions would be needed—

for a total of 25 wedges (see the fi gure).

Maintaining world economic growth 

and keeping atmospheric CO
2
 concentra-

tions below 450 ppm, even with continu-

ing improvements in energy intensity (the 

amount of CO
2
 emitted per unit of energy, and 

a proxy for increasing energy effi ciency and 

less consumptive lifestyles), will require ~30 

terawatts (TW) of power from carbon-neutral 

sources at mid-century ( 2). Some forecasts 

envisioned market forces spurring the cre-

ation of 10 carbon-neutral terawatts ( 2), but 

that now appears optimistic. The diffi culties 

posed by generating even 1 TW of carbon-

neutral power led the late Nobel Laureate 

Richard Smalley and colleagues to call it the 

“terawatt challenge” ( 14– 16); we have yet to 

mobilize enough talent and resources to meet 

it. It has proven diffi cut, for example, to tap the 

huge, if diffuse, solar fl ux on Earth using pho-

tovoltaic (PV) cells to generate electricity in a 

cost-effective manner, particularly for routine 

“baseload” generation. Costs of PV technol-

ogies are dropping ( 17) (see the fi gure), but 

greater economies of scale, perhaps accom-

panied by a switch to thin fi lms—a less effi -

cient technology, but less expensive in terms 

of cost per kilowatt—will help. Achieving 

massive market penetration of solar and wind 

electricity will require utility-scale systems 

that can store intermittent supplies of power 

until they are needed. Denmark, for instance, 

uses intermittent power to pump water into 

Norway’s hydropower impoundments; the 

water is later released through turbines. That 

approach, however, isn’t widely feasible in 

the United States, and other approaches that 

use compressed air, fl ywheels, and “fl ow bat-

teries” to store power are expensive and need 

substantial research and testing.

Broad investment will be crucial to 

enabling such basic research fi ndings to cross 

the “valley of death” and develop into applied 

commercial technologies. Carbon taxes ( 1) 

and ramped-up government research bud-

gets ( 2) could help spur investments, but 

developing carbon-neutral technologies also 

requires, at the very least, reversing perverse 

incentives, such as existing global subsidies 

to fossil fuels that are estimated to be 12 times 

higher than those to renewable energy ( 18). 

We have to stop marching the wrong way 

before we can turn around.

Davis et al. show that breaking the world’s 

fossil-fuel addiction will be hard. To create 

carbon-neutral power sources, we may well 

need programs with the scale and urgency of 

the Manhattan atom bomb project. One goal 

should be to develop technologies that can 

fi rst meet the terawatt challenge, and even-

tually provide 30 carbon-neutral terawatts of 

power by mid-century; perhaps 10 TW each 

of primary power from “clean coal” and from 

nuclear and renewable technologies. With-

out these alternatives to fossil fuels, the age-

out scenario painted by Davis et al. evokes 

Havana after the 1959 Cuban Revolution: no 

new cars, only constantly repaired but still 

running old Chevys in the streets, as a beauti-

ful old city crumbles around them. 
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Shape Memory Bulk Metallic 
Glass Composites

MATERIALS SCIENCE

Douglas C. Hofmann

Glass-forming and shape memory metals may 

provide a route to fabricating materials with 

enhanced mechanical properties.

        B
ulk metallic glasses (BMGs) are being 

studied extensively as potential struc-

tural materials as they have a unique 

array of mechanical properties compared 

to traditional crystalline metals ( 1– 4). Their 

amorphous microstructure and variable com-

position give BMGs ultrahigh-yield strengths, 

large elastic strain limits, high hardness, corro-

sion resistance, and the ability to be processed 

like a plastic. So far, however, BMGs have not 

found many structural applications because of 

their catastrophic failure under tension (ten-

sile loading) and their typically low fracture 

toughness (resistance to cracking), both result-

ing from the same amorphous microstructure 

that differentiates them from crystalline met-

als. This shortcoming has been addressed in 

recent years with the development of BMG 

matrix composites (BMGMCs)—two-phase 

alloys consisting of soft, crystalline dendrites 

grown in situ in a glass-forming matrix ( 5–

 9). When designed and processed properly, 

BMGMCs retain the positive structural fea-

tures exhibited by monolithic (single-phase) 

BMGs, but can also exhibit enhanced ten-

sile ductility, fracture toughness, and fatigue 

endurance, which makes them desirable as 

engineering materials ( 5,  10,  11).

In conventional crystalline metals, 

strength and ductility are typically inversely 

proportional, a result of the interactions 

between dislocations and microstructural 

features, like grain boundaries. In contrast, 

BMGMCs exhibit plasticity through a com-

plex interaction between the dislocations in 

the crystalline phase and the highly local-

ized shear bands in the glass matrix. This 

results in mechanical properties (like fracture 

toughness) that exceed the “rule of mixtures” 

expected for each phase individually ( 5).

Dendrite-reinforced BMGMCs do exhibit 

some drawbacks, however. The two-phase 

alloy must contain a dendrite in thermody-

namic equilibrium with a glass-forming liq-

uid. This necessitates a system that has very 

sluggish crystallization kinetics, in order to 

prevent the dendrites from causing heteroge-

neous nucleation of unwanted brittle phases. 

This typically requires the use of Be-contain-

ing composites, which have very few stable 

compounds and are excellent glass-formers, 

but which require special consideration dur-

ing processing owing to the toxicity of Be. 

Improvements in mechanical properties (e.g., 

tension ductility) have been confi ned almost 

exclusively to Zr-Ti-Be–based BMGMCs, 

which has limited the scope of applications.

Recent advancements in metallic glass 

composites come at the intersection between 

two different areas of materials science 

research—shape memory alloys and metallic 

glasses—whereby a shape memory alloy has 

been integrated as the crystalline phase, effec-

tively using the concept of transformation-

induced plasticity ( 12,  13) (see the fi gure). 

The most widely studied shape memory alloy, 

NiTi (or Nitinol), undergoes a stress-induced 

martensitic transformation from a cubic to a 

monoclinic phase, which imparts 

an appreciable work-hardening 

capability (the alloy becoming 

stronger as it deforms). Less well 

known is that CuZr also exhibits 

the same shape-memory effect 

as NiTi. In a remarkable coinci-
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